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STATEMENT  OF  WORK 


Under  U.S.  Army  Research  Office  (ARO)  sponsorship,  on  Contract  Numbers, 
MIPR-AR0102- 89 ,  103-90,  119-91  and  157-92,  Brookhaven  National  Laboratory 
(BNL)  performed  research  on  three  topics: 

1)  Advanced  zinc  phosphate  conversion  coatings, 

2)  Synthesis  and  characteristics  of  pre -ceramic  polymetallosiloxane 
coating  films,  and 

3)  Crystalline  polypheny letheretherketone  (PEEK)  -  based  materials. 

Major  research  activities  within  each  of  these  topics  are  described 
below . 


1 .  Advanced  Zinc  Phosnhate  Conversion  Coatings 

The  major  phase  in  the  insoluble  zinc  phosphate  (Zn-Ph)  conversion 
coatings,  which  is  responsible  for  improved  corrosion  protection,  was 
identified  to  be  the  same  Zn3  (P04)2’ 2H2O ,  as  that  used  as  a  starting  material. 
From  the  viewpoint  of  crystal  molecular  structure,  because  Zn»Ph  layers 
contain  a  certain  amount  of  crystallized  water,  it  should  be  considered  that 
when  thermal  barrier  organic  topcoat  systems,  such  as  polyiraide  [1,2], 
polybenzimidazoles  [2],  polyquinoxalines  [3,4],  and  polyphenylene  sulphide 
[4],  are  applied  directly  to  the  Zn*Ph  surface,  high- temperature  treatment  of 
the  topcoats  to  form  solid  polymer  films  will  lead  to  interfacial  disbondment 
and  separation  brought  about  by  the  dehydration  of  Che  Zn-Ph.  This  failure  is 
associated  with  the  formation  of  weak  boundary  layers,  resulting  in  poor 
corrosion  protection.  It  was  very  important,  therefore,  to  gain  fundamental 
knowledge  regarding  Che  Chermal  degradation  and  phase  transformation  of  Zn’Ph 
at  an  elevated  temperature,  before  studying  the  interfacial  chemical  nature 
between  the  high- temperature  performance  polymers  and  the  crystalline  Zn-Ph. 

On  the  other  hand,  during  the  corrosion  of  iron  and  steel  in  a  near  neutral 
aqueous  environment,  the  cathodic  half  reaction  in  terms  of  the  oxygen  reduc¬ 
tion  reaction,  is  H2O  +  1/2  O2  +  2e'  =■  2  OH".  A  shortcoming  of  Zn»Ph  coatings 
as  a  barrier  to  the  corrosion  of  steel  is  that  the  hydroxyl  ions  generated  by 
this  cathodic  reaction  [5]  induce  dissolution  of  the  coating  layers.  A  lower 
susceptibility  of  Zn*Ph  to  alkali  dissolution  also  minimizes  cathodic 
delaminaCion  rates  for  polymeric  topcoat  films.  Thus,  it  was  very  important 
in  assessing  anticorrosive  coatings  to  estimate  the  extent  of  alkali 
dissolution  of  Zn*Ph. 

The  ionic  and/or  elemental  cobalt  and  nickel  atoms  are  well-known  inhibi¬ 
tors  of  the  cathodic  reaction  of  electrogalvanized  steel  [6-9].  The  mechanism 
of  this  inhibition  of  corrosion  was  described  by  Leidheiser  and  Suzuki  [10]  as 
being  due  to  the  electron  trapping  reactions,  M^'*'  (M:  Co  and  Ni)  +  2e‘  =  M°,  of 
such  atoms  doped  in  the  zinc  oxide  lattice.  The  M^'*'  ions  favorably  trap  the 

electrons  evolved  from  the  anodic  reaction,  Zn°  -  2e"  - >  Zn^'*',  occurring  at 

the  oxide/solution  interface,  thereby  inhibiting  the  cathodic  reaction. 
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Accordingly,  the  emphasis  of  our  present  study  was  directed  cowards 
developing  and  characterizing  advanced  hydrous  and  anhydrous  Zn*Ph  containing 
the  Co  and  Ni  atoms,  and  poly(acrylic) acid ,  p(AA) ,  which  is  a  polyelectro lyCe 
raacromolecule  species.  The  advanced  Zn*Ph  coatings  will  inhibit  oxygen  reduc¬ 
tion  reactions  and  minimize  the  rate  of  cathodic  delamination  of  high- tempera¬ 
ture  performance  polymer  topcoats  from  phosphaced  steels. 


2 .  Synthesis  of  Pre-Cerajm'c  Polvmetallosiloxane  Coating  Films 

Ceramic  coatings  have  not  yet  been  widely  used  on  aluminum  and  magnesium 
alloys,  and  on  other  low  melting-point  metal  substrates  because  of  two  main 
reasons.  First,  coatings  must  adhere  well  and  have  an  appropriate  expansion 
coefficient,  especially  during  temperature  cycling,  otherwise  the  coating  will 
separate  from  the  substrate.  Second,  many  ceramic  coatings  must  be  applied 
and  processed  at  high  temperature  (>1000'’C)  ,  using  expensive  and  time-con¬ 
suming  methods,  such  as  chemical  vapor  deposition. 

To  solve  these  problems  with  conventional  ceramic  coatings,  our  work  was 
focused  upon  the  synthesis  of  pre-ceramic  inorganic  polymetallosiloxane  (PMS) 
polymers,  and  upon  Che  characteristics  of  the  synthesized  PMS  as  corrosion- 
protective  coatings  on  aluminum  substrates. 

The  use  of  metal  alkoxides,  M(OR),i  (where  M  is  Ti ,  Zr ,  Ge,  Al,  B,  La,  and 
Sn,  R  is  CH3,  C2H5,  C3H7  or  C(,Hg)  ,  as  a  means  of  enhancing  the  network  connec¬ 
tivity  and,  hence,  the  extent  of  three-dimensional  crosslinking  of  polymeric 
organosilanes  synthesized  using  sol-gel  techniques  in  terras  of  hydrolysis- 
polycondensation  processes,  was  investigated  previously  (11,  12].  These 
authors  reported  that  Che  incorporation  of  M(OR)(,  into  the  organosilane  system 
improved  mechanical  properties  such  as  Che  modulus  of  elasticity  and  tensile 
strength  of  the  organosiloxane  polymer.  Huang  et  al .  also  reported  chat  the 
addition  of  excessive  amounts  of  M(OR)(|  to  the  systems  results  in  large  reduc¬ 
tions  in  the  elongation  at  the  failure  point  of  the  polymers  [13].  All  of 
these  studies  were  performed  at  temperatures  up  to  220°C. 

An  inorganic  polysilane  formed  by  a  sol-gel  polycondensaCion  process 
involving  Cetraethylorthosi licate ,  Si(OC2H5)^,  is  presently  used  as  a  binder 
in  inorganic  zinc -rich  primers,  which  act  to  inhibit  the  corrosion  of 
metals  [14].  The  major  characteristics  of  these  cured  inorganic  zinc  primer 
films  are  their  excellent  adhesion  Co  metallic  substrates,  thermal  stability, 
resistance  to  ultraviolet  light  and  weathering,  and  abrasion.  As  a  result, 
they  appear  promising  for  use  as  reliable  underlying  structures  to  which 
organic  topcoats  can  be  applied. 

On  the  basis  of  the  above  information,  our  attention  was  focused  on  the 
characteristics  of  polymeric  materials  synthesized  through  hydrolysis-conden¬ 
sation  reactions  of  M(OR)  4 -  incorporated  organosilane  monomeric  mixtures  over 
the  temperature  range  100-500°C.  When  film  fabrication  temperatures  >300°C 
are  considered,  it  can  be  assumed  that  a  large  number  of  carbon-containing 
groups  will  be  eliminated  pyroly tically  from  the  polymer  network  structures  as 
a  result  of  elevated  temperature.  Hence,  attention  was  given  to  the  pyrolytic 
changes  in  the  conformation  of  M  compound-modified  organosilane  polymers. 

Such  conformational  changes  and  their  processes,  as  a  function  of  temperature. 
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may  be  different,  depending  on  the  species  of  organosilane  and  the  proportions 
of  organosilane  to  M(OR)/;  used  as  original  starting  materials. 

To  obtain  such  information,  we  examined  three  topics.  First,  emphasis 
was  placed  on  the  pyrolytic  conformational  changes  and  the  mechanisms  of  Ti 
compound-modified  organosilane  polymers  formed  at  various  Ti(OR)t  to 
organosilane  monomer  ratios.  In  this  study,  the  3-glycidoxypropyltrimethoxy- 
silane  (GPS)  examined  by  previous  investigators  [11,12]  was  used.  The 
observed  conformational  changes  were  correlated  with  alterations  in  the  sur¬ 
face  morphology,  changes  in  surface  chemical  composition  and  chemical  states 
of  the  Ti  compound-modified  GPS  coating  films  overlayed  on  aluminum  substrates 
at  temperatures  up  to  500®C.  The  ability  of  the  coatings  formed  at  tempera¬ 
tures  ranging  from  lOO'C  to  500“C  to  inhibit  the  pitting  corrosion  of  aluminum 
was  studied  secondly.  The  third  research  topic  focused  on  the  use  of  other 
metal  alkoxide  species,  such  as  Al(OC3H7)3,  and  Zr  (OC3H7)4.  In  addition,  the 
fabrication  of  thin  films  (thickness  <l^ra) ,  which  may  form  microcrack- free 
coatings,  because  of  lower  rates  of  volatility  and  pyrolysis,  was  also 
considered.  Finally,  based  upon  fundamental  knowledge  obtained  from  the  above 
Studies,  efforts  were  then  focused  on  the  fabrication  of  good  coating  films 
and  the  evaluation  of  their  corrosion  protective  performance. 


3 .  Crystalline  Polyphenvletheretherketone  fPEEK)  -  Based  Materials 


The  melt  crystallized  polyaryl  polymers,  such  as  polypheny lenesulphide 


(PPS),  ,  polyphenyletheretherketone  (PEER), 

and  polyphenyletherketone  (PER) ,  ,  have  common  chemical 

features  consisting  of  aromatic  backbone  chains  coupled  with  oxygen,  ketone, 
and/or  sulphur.  When  these  linear  polymers  are  left  in  an  oven  at  a  tempera¬ 
ture  above  their  melting  point  of  >  280 °C,  chain  extension  of  the  main  phenyl 
groups  caused  by  melting  leads  to  molecular  orientation,  which  is  reflected  in 
the  crystallization  of  the  polymers  during  cooling  from  the  melting  tempera¬ 
ture  to  a  lower  temperature  [15-17]  .  Such  crystallization  behavior  of  the 
polyaryls  gives  them  specific  desirable  characteristics  as  adhesives,  such  as 
high  temperature  stability,  high  radiation,  chemical,  and  hydrothermal  resis¬ 
tance,  and  good  mechanical  and  dielectric  properties.  Thus,  polyaryls  have 
become  of  increasing  interest  for  applications  in  coatings,  as  adhesives,  and 
in  composites. 


Our  particular  interest  was  to  investigate  the  thermal,  hydrothermal,  and 
chemical  durabilities  of  PEER  polymer  mortar  specimens,  which  were  prepared  by 
the  melting-cooling  processes  of  PEER  powder-sand  mixtures.  In  addition,  the 
thermal  characteristics,  crystalline  behavior,  and  change  in  chemical 
structure  of  the  PEER  neat  cements  under  air  or  N2  environments  were  also 
explored . 
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SUMMARY  OF  RESULTS 


1 .  Advanced  Zinc  Phosphate  Conversion  Coatings 

Advanced  Zn»Ph  conversion  coatings  can  be  prepared  by  immersing  steel  in 
Co^'*'  and  Ni^"^  ion- incorporated  p(AA)-zinc  phosphate  solution  systems.  The 
foirmation  of  M^"''  (M:  Co  and  Ni)-p(AA)  salt  complexes  containing  -COO"  "OOC- 
groups  played  an  important  role  in  accelerating  and  promoting  the  growth  and 
development  of  Zn«Ph  crystal  layers  over  the  steel,  and  also  introduced 
amorphous  Fe-rich  phosphate  conversion  layers  in  the  vicinity  of  Fe203  sub¬ 
strates.  The  electron  trapping  behavior  of  the  ions  dissociated  from  the 
complex  formations  and  M  hydroxides  in  the  NaCl  solution  inhibited  cathodic 
reactions,  thereby  resulting  in  an  extended  lifetime  for  the  Zn*Ph,  which 
serves  to  provide  corrosion  protection  for  steel.  In  the  final  stages  of  the 
conversion  process,  the  crystal  phase  of  Ni  system-derived  conversion  coatings 
consisted  of  zinc  orthophosphate  dihydrate,  [Zn3(P0<,)2*2H20]  as  the  major 
component  and  hopeite,  [  Zn3(P0i,)2*4H20  ]  as  the  minor  one.  The  uniform  coverage 
of  Zn3(POi,)2*2H20-hopeite  interlocked  crystals  over  the  steel  may  reduce  the 
rate  of  corrosion. 

In  thermal  dehydration  processes  at  3hO°C,  a  hopeite  -*•  7-Zn3{P0i,)2  phase 
transition  occurs.  In  contrast,  the  Zn3(P04)2*2H20  was  preferentially 
converted  into  the  Q;-Zn3(POi,)2  phase  which  has  a  alkali  dissolution  rate 
considerably  lower  than  chat  of  the  7-phase.  This  results  in  a  minimized 
cathodic  delamination  rate  of  polymeric  films  from  a-phase  steel  substrates. 

When  high- temperature  performance  PPS  polymer  coatings  were  directly 
applied  to  cold- rolled  steel  surfaces,  Che  chemical  reaction  at  350°C  between 
the  Fe203  at  the  outermost  surfaces  of  the  steel  and  the  PPS  in  air  led  to  the 
formation  of  FeSO^  at  the  critical  interfacial  zones.  Although  the  intermedi¬ 
ate  FeS04  layers,  as  interfacial  reaction  products,  play  an  important  role  in 
developing  bond  strength  at  the  PPS/steel  joint,  the  alkali-catalyzed  hydroly¬ 
sis  of  FeSO^  caused  by  Che  cathodic  reaction,  H2O  +  I/2O2  +  2e'  —  20H' ,  at  any 
defects  in  the  coating  film,  caused  catastrophic  cathodic  delaraination  of  the 
PPS  film  from  the  steel.  Therefore,  to  avoid  the  direct  contact  of  PPS  with 
steel,  a  p (AA) -modified  Zn»Ph  conversion  coating  was  deposited  on  the  steel 
surfaces.  Before  applying  the  PPS,  Che  Zn3(P04)2*2H20  as  a  major  phase  of  the 
Zn»Ph  layers  was  converted  into  an  a-Zn3(P04)3  phase  by  thermal  dehydration  at 
SSO’C.  This  thermal  treatment  also  promoted  the  transformation  of  the 
poly{acid)  Structure  within  the  p(AA)  into  the  poly (acid) anhydride ,  and  Che 
oxidation  of  free  Fe  atoms  dissociated  from  the  steel  surfaces  during  the 
precipitation  of  the  crystalline  Zn*Ph  coating.  We  found  that  SO2  emitted 
from  Che  PPS  at  the  PPS-Co-Zn»Ph  boundary  regions  preferentially  reacts  with 
the  oxidized  Fe  compounds,  rather  than  with  Zn  and  P  atoms  in  the  Zn»Ph 
crystals.  Such  a  gas-solid  interaction  between  SO2  and  the  oxidized  Fe 
compound  at  350°C  caused  the  formation  of  a  FeS  reaction  product.  In 
addition,  the  two  different  interactions  were  recognized:  one  was  the  polyraer- 
to-polyraer  reaction  between  the  PPS  and  the  poly (acid) anhydride  existing  at 
the  outer  surface  of  the  Zn*Ph  layers;  the  other  was  the  mechanical 
interlocking  associated  with  the  mechanical  anchoring  of  the  PPS  polymer, 
which  resulted  from  the  penetration  of  the  melted  polymer  into  the  open 
surface  micros tructure  of  the  Zn*Ph  layers.  These  physico-chemical  factors, 
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contributing  to  the  development  of  adhesion  force  at  the  PPS/Zn»Ph  interfaces, 
were  essentially  responsible  for  a  high  lap -shear  bond  strength  on  the 
phosphated  metal -  to- phosphated  metal  PPS  specimens. 

Once  a  cathodic  reaction  occurs  at  a  defect  in  the  PPS/Zn*Ph  system,  the 
action  of  NaOH  derived  from  the  cathodic  reaction  results  in  the  dissolution 
and  hydrolysis  of  the  anhydrous  Zn»Ph  and  FeS  interaction  product.  Such  an 
alkali- induced  dissociation  resulted  in  the  formation  of  the  Na-related  sulfur 
compounds,  such  as  Na- sulphide,  Na- sulphite,  and  Na- sulphate.  However,  the 
rate  of  cathodic  delamination  of  PPS  for  the  PPS/Zn*Ph  system  was  considerably 
lower  than  that  for  the  PPS/steel  system. 

Based  upon  this  information,  additional  work  to  continue  its  development 
is  needed.  Topics  requiring  additional  work  are  as  follows:  1)  steel  surface 
preparation  requirements  for  achieving  a  rapid  deposition  of  Zn'Ph  crystals, 

2)  the  application  of  Zn*Ph  to  galvanized  steel  surfaces,  and  3)  an  evaluation 
of  other  high- temperature  performance  polymers  such  as  polyimide, 
polybenzimidazole  and  polyphenyletheretherketone ,  as  a  topcoating  material  for 
Zn.Ph. 


2 .  Synthesis  of  Pre- Ceramic  Polvmetallosiloxane  Coating  Films 

Inorganic  amorphous  polymetallosiloxane ,  PMS,  can  be  synthesized  through 
hydrolysis-polycondensation-pyrolysis  reactions  of  sol-precursor  solution  sys¬ 
tems  consisting  of  N- [3-(triethoxysilyl)  propyl] -4, 5-dihydroimidazole  (TSPI) 
and  M(0C3H7)„  (M:  Zr,  Ti  and  Al,  n;  3  or  4)  as  a  film- forming  reagent,  HCl  as 
a  hydrolysis  catalyst,  and  CHjOH  and  water  as  a  liquor  medium.  During  this 
study  of  corrosion-protective  thin  films  for  low  melting  point  aluminum  sub¬ 
strates,  the  following  seven  items  could  be  conclusively  generalized  as  the 
major  physico-chemical  factors  governing  the  film-forming  behavior  of  PMS 
under  the  sol  precursor  (25*C)  -*  sintering  (150*0)  -►  annealing  (350°C)  pro¬ 
cesses  : 

1)  During  the  sol-film  forming  stage,  adding  HCl  to  the  mixtures  of  TSPI 
and  M(OC3H7)n  induces  the  formation  of  hydroxylated  metals,  the  Cl- 
substituted  end  groups  in  the  monomeric  organosilane ,  and  the  separa¬ 
tion  of  imidazole  derivatives  from  TSPI. 

2)  In  the  sintering  process  of  sol  films  at  150°C,  the  formation  of 
metal  oxide  polyorganosiloxane  bond  formed  by  the  dechlorinating 
reaction  between  the  Cl  attached  to  propyl  carbon  in  organosilane  and 
the  proton  in  the  hydroxylated  Zr  or  Ti  compounds,  played  an  impor¬ 
tant  role  in  weight  loss  of  the  film. 

3)  Referring  to  2),  the  Al  hydroxide,  derived  from  Al(OC3H7)3  in  which 
the  trivalent  ion  is  the  principal  oxidation  state,  preferentially 
reacts  with  hydroxylated  organosilane  to  form  the  Al-O-Si  linkage  at 
a  low  temperature.  However,  this  linkage  was  broken  when  the 
sintered  film  was  annealed  at  350*C,  thereby  creating  large  stress 
cracks  and  a  high  weight  loss  of  the  film. 
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4)  The  pyrolysis  of  Ti  and  Zr  oxides- incorporated  polyorganosiloxane 
compounds  led  to  the  formation  of  Ti  and  Zr  oxides-crosslinked  with 
polysiloxane ,  while  also  eliminating  carbonaceous  groups  and  Cl 
compounds  from  the  sintered  materials.  These  crosslinked  network 
structures  served  to  minimize  the  development  of  stress  cracks  in  the 
films  pyrolyzed  at  350°C. 

5)  Although  a  certain  amount  of  crystalline  anatase  particles  were 
present  in  the  amorphous  polytitanosiloxane  (PTS)  coatings,  the  mod¬ 
erate  crosslinking  effects  of  Ti  oxides  and  the  densif ication  of  the 
M-O-Si  linkage  provided  the  most  effective  coating  film  in  this 
study. 

6)  The  Identification  of  covalent  oxane  bonds  at  the  interfaces  between 
the  PTS  and  the  alkali-etched  aluminum  substrate  illustrates  the 
possibility  of  strong  adhesion  forces. 

7)  Referring  to  4),  5),  and  6),  the  integrated  assignments  of  these 
factors  were  correlated  directly  to  good  corrosion  resistance  of 
aluminum  alloys  in  NaCl  solutions . 

All  the  information  described  above  was  obtained  from  experiments  with 
the  sol  precursor  solution  in  the  presence  of  acid  catalysts.  As  described  by 
several  investiators  [18,19],  the  microstructure  of  the  film  can  be  altered  by 
varying  the^rate  of  polymerization  of  sol  particles;  namely,  the  extent  of 
growth  of  the  polymeric  sol  in  an  aqueous  medium  depended  primarily  on  the  pH 
of  the  precursor  solution.  When  acid-type  catalysts  were  added  to  the 
solution,  the  sol  consisted  of  entagled  linear  polymers.  By  contrast,  a 
highly  condensed  sol  consisting  of  randomly  branched  chains  was  prepared  by 
incorporating  base- type  catalysts.  Xerogel  films  derived  from  the  acidic  sol 
precursor  system  had  a  continuous,  dense  microstructure,  while  the  base- type 
system  results  in  the  formation  of  globular  structures  consisting  of 
aggregations  of  randomly  grown  individual  clusters.  Therefore,  additional 
work  will  focus  on  an  investigation  of  the  characteristics  of  fractal  PMS 
cluster  coating  films  derived  from  two-step,  acid-base-catalyzed  precursors 
consisting  of  N- [ 3 -( trie thoxysilyl) propyl] -4 , 5 -dihydroimidazole  (TSPl) , 

M(OR)j,,  methanol,  and  water,  over  a  broad  pH  range  of  1.0  to  13.0. 


3 .  Crystalline  Polvphenvletheretherketone  (PEEK) -Based  Materials 

When  melt  crystallized  polypheny lethere therketone  (PEEK)  thermoplastic 
polymer  was  used  as  a  high- temperature  performance  cementitious  material,  the 
degree  of  crystallinity  of  PEEK  was  dependent  upon  gaseous  environment  present 
at  the  polymer  melting  temperature  of  >  340°C.  Namely,  a  well-formed  PEEK 
crystal  neat  cement  was  assembled  by  melting-cooling  processes  in  Nj  gas, 
whereas  the  oxygen-catalyzed  deformation  of  PEEK  structures  in  air  led  to  a 
low  rate  of  crystallinity,  reflecting  a  poor  thermal  stability  of  cement. 

With  regard  to  the  PEEK  mortar  specimens  made  by  the  same  process  of  the 
packed  PEEK  powder-silica  sand  mixtures  at  temperatures  ranging  from  400°C  to 
25°C,  the  microstructure  of  PEEK  developed  in  the  vicinity  to  the  Si02  sand 
surfaces  in  Nj  was  characterized  by  the  growth  of  the  crystals  possessing 
transcrystalline  textures.  The  creation  of  such  spherulites  at  the  interfaces 
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may  be  due  to  the  nucleation  of  crystalline  PEEK  by  the  Si02.  No  spherulitic 
growths  were  found  at  the  PEEK-Si02  interfaces  prepared  in  air.  As  a  result 
of  the  formation  of  well-crystallized  PEEK,  mortar  specimens  not  only  have 
excellent  thermal  and  hydrothermal  stabilities  at  temperatures  up  to  200°C, 
but  also  maintain  strength  when  exposed  in  5  wt%  H2S0i,  at  80 ‘’C. 

Considering  that  PEEK  is  currently  utilized  as  a  binder  in  high 
performance  fiber-reinforced  polymer  composites,  additional  work  to  formulate 
composite  systems  will  be  directed  towards,  1)  crystallinity-related  studies, 
2)  phase  compositions,  3)  adhesive  mechanisms,  and  4)  microstructure 
developments,  within  PEEK  layers  adjacent  to  the  fibers. 
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ABSTTWCT 

In  attempting  to  develop  anhydrous  zinc  phosphate  (Zn^h)  conversion  coatings 
suitable  tor  use  with  a  high-temperature  performance  polyphenylene  sulfide  (PPS)  topcoat, 
the  cheracteristics  of  ZnRh  deposited  by  immersing  the  steel  in  transition  Co,  Ni,  and  Mn 
cation-incorporated  phospheting'  solutions  were  investigated.  Two  important  features  for  the 
anhydrous  340®C-heoted  Zn-Ph  were  addressed.  One  was  to  determine  If  the  electron 
trapping  behavior  of  Co^*  and  Ni^*  ions  adsorbed  in  the  crystal  lattices  acts  to  inhibit  the 
cathodic  reaction  on  the  ZnPh.  and  the  second  was  to  determine  the  less  susceptibility  of 
the  a-Zn^iPOJj  phase  to  alkali-induced  dissolution.  The  former  affects  the  lifetime  of  the 
ZnPh  layer  as  a  barrier  to  corrosion  of  steel,  and  the  latter  reflects  on  the  reduction  of 
cathodic  delaminatlon  rate  of  the  PPS  film  from  the  a  phase-steel  substrate. 


INTRODUCTION 


Interfacial  de lamination  will  occur  when  organic  topcoating  .systems,  such  as 
polyimiUe,  polyphenylene  sulfide,  and  polyquinoxalines.  are  applied  directly  to 
crystalline  zinc  phosphate  (Zn-Ph)  hydrate  conversion  coatings  on  steel.  During 
treatment  of  the  topcoat  with  high  temperature  to  form  a  solid  polymer  film, 
separation  is  brought  about  by  the  dehydration  of  hydrous  Zn-Ph  crystals.  On  the 
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aisumpiion  chat  such  a  feilure  may  occur  at  the  polymer- Zn -Ph  interface,  our 
previous  work  (1)  focused  on  the  effects  of  anhydrous  Zn*Ph  phases  induced 
through  a  preheating-dehydration  treatment,  before  depositing  the  topcoats.  The 
phase  transition  versus  temperature  kinetics  for  the  thermal  dehydration  of  zinc 
orthophosphate  dihydrate  (Znj(P04)2‘2Hj0)  processes  are  as  follows: 

300*C  dOO-C 

Zn,(P04)2'2H20 - >  cr-Zn3(P04)2  >  /-Zn3(P04), - > 


500*C 

c£-Zn3(P04)2  and  >'-Zn3(P04)2 - >  '/-Zn,(P04)2  >  a-Zn3(P04)2 

During  the  corrosion  of  iron  and  steel  in  a  near  neutral  aqueous  environment, 
the  cathodic  half  reaction  in  terms  of  the  oxygen  reduction  reaction,  is  H3O  -t-  %  O; 

2e  =  2  OH‘.  A  shortcoming  of  Zn*Ph  coatings  as  a  barrier  to  the  corrosion  of 
steel  is  that  the  hydroxyl  ions  generated  by  this  cathodic  reaction  (2)  induce 
dissolution  of  the  coating  layers.  A  lower  susceptibility  of  Zn-Ph  to  alkali  dissolution 
also  minimizes  cathodic  delamination  rates  for  polymeric  topcoat  films.  Thus,  it  was 
very  important  in  assessing  anticorrosive  coatings  to  estimate  the  extent  of  alkali 

dissolution  of  Zn*Ph.  We  estimated  this  by  comparing  the  rates  of  phosphorous 
dissociation  from  the  crystal  layers  after  dq)osure  to  O.IM  NaOH  solution.  The 
magnitude  of  susceptibility  of  hydrated  and  unhydraied  Zn-Ph  phases  to  alkali- 
induced  dissolution  was  in  the  order  of  Zn3(P04)2*2H20  >  7-^3(P04)2  >  a- 
Zn3(P04)2.  However,  the  formed  y-Znj(P04)2  phase  was  found  to  afford  poor 
protection  because  of  the  formation  of  numerous  microcracks  on  the  crystal  faces 
caused  by  the  a - >  /-phase  transition  at  5(X)*C, 

Our  experimental  work  was  directed  towards  developing  advanced  anhydrous 
Zn-Ph  conversion  coatings  which  inhibit  oxygen  reduction  reactions  and  minimize 
alkali  dissolution.  Particular  attention  was  given  to  the  characteristics  of  Zn-Ph 
modified  with  ionic  and/or  elemental  cobalt  and  nickel  atoms.  These  elements  are 
well-known  inhibitors  of  the  cathodic  reaction  of  electrogalvanized  sieel  (3-6).  The 
mechanism  of  this  inhibition  of  corrosion  was  described  by  Leidheiser  (7)  as  being 
due  to  the  electron  trapping  reactions,  (M:  Co  and  Ni)  +  2e'  =  M®,  of  such 
atoms  doped  in  the  zinc  oxide  lattice.  The  M^‘  ions  favorably  trap  the  electrons 

evolved  from  the  anodic  reaction,  Zn‘  -  2e  - >  Zn'”,  occurring  at  the 

oxide/so iution  interface,  thereby  inhibiting  the  cathodic  reaction.  The  samples 
employed  in  these  studies  were  prepared  by  dipping  galvanized  steel  into  an  aqueous 
solution  containing  Co  and  Ni  ions. 

In  our  study,  a  different  process  was  used  to  incorporate  the  metallic  elements 
into  an  anhydrous  Zn-Ph  layer.  We  introduced  the  Co  and  Ni  atoms  into  the  crystal 
surface  and/or  layer  simultaneously  while  the  embryonic  Zn-Ph  crystals  were  growing 
on  the  steel  surface.  Hence,  the  samples  were  made  by  immersing  the  steel  into  the 
zinc  phosphating  solution  containing  Co  and  Ni  ions  at  60“C.  For  comparison  with 
these  atoms,  two  other  elements,  manganese  and  calcium,  were  evaluated. 

Cathodic  delamination  studies  of  high  temperature-cured  polyphenylene  sulfide 
(PPS)  -  coated  anhydrous  Zn-Ph  specimens  were  also  performed  to  delineate  the 
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role  of  the  phase  composition  of  anhydrous  Zn-Ph  in  reducing  the  delamination 
rates  of  PPS  topcoat  from  the  Zn-Ph. 


EXPERIMENTAL 

Materials 


The  metal  substrate  used  was  AJSI  1010  cold-rolled  steel  supplied  by  the 
Denman  and  Davis  Co.  The  steel  contained  0.08-0.13  wt%  C,  0.30-0.60  wt%  Mn,  0.04 
wt%  P,  and  0.05  wt%  S.  The  unmodified  zinc  phosphattng  liquid  used  consisted  of 
1.3  wt%  zinc  orthophosphate  dihydrate  (Zn3(P0)2*2H,0),  2.7  wt%  H^PO^,  and  96.0 
wt%  water.  In  the  modificatton  of  this  standard  formulation,  four  metal  nitrate 
hydrates,  Co(N03)2'6H,0,  Ni(N05)2 -61-1^0,  Mn(N02)24H,0,  and  Ca(N03)24H20, 
supplied  by  Aldrich  Chemical  Company,  Inc.,  were  employed  as  a  source  of  ionic 
and/or  elemental  Co,  Ni,  Mn,  and  Ca  atoms.  These  metal  compounds  were  added  to 
the  phosphattng  solution  at  a  concentration  of  . 1.0%  by  weight  of  the  mass  of  the 
solution,  and  then  stirred  until  they  were  completely  dissolved. 

Polyphenylene  sulfide  (PPS),  supplied  by  the  Phillips  66  Company,  was  used  as 
a  high-temperature  performance  polymer  topcoat.  The  "as-received"  PPS  was  a  finely 
divided,  tan-colored  powder  having  a  low  molecular  weight  and  high  melt-flow,  with 
a  melting  point  of  2^*C.  The  PPS  polymer  film  was  deposited  on  the  dehydrated 
Zn’Ph  surfaces  in  the  following  way.  First,  the  Zn-Ph-coated  steel  was  dipped  into 
a  PPS  slurry  consisting  of  45  wt%  PPS  and  55  wt%  isopropyl  alcohol  at  i5“C  The 
coated  specimens  were  preheated  in  an  oven  at  300*C  for  3  hr,  and  then  cured  at 
350“C  for  2  hr. 

In  preparing  the  sample,  the  steel  surfaces  were  wiped  with  acetone-soaked 
tissues  to  remove  any  mill  oil  contaminating  the  surface.  The  steel  then  was 
immersed  for  up  to  30  min  in  the  modified  and  unmodified  conversion  solutions 
described  above  at  a  temperature  of  80®C  for  30  min. 


Measurements 


The  Zn'Ph-coated  steel  surfaces  were  examined  with  scanning  electron  micros¬ 
copy  (SEM)  having  an  energy-dispersion  X-ray  spectrometry  (EDX)  attachment.  The 
Zn-Ph  crystal  layers  deposited  on  the  steel  surfaces  scraped  off  to  study  the  phase 
(ransttton.  They  were  then  ground  to  a  size  of  325  mesh  (0.044  mm)  for 
thermogravimetric  analysis  (TGA),  infrared  (IR)  spectroscopy,  and  x-ray  powder 
diffraction  (XRD). 

X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  identify  the  chemical  states 
and  elemental  compositions  at  the  outermost  surface  site  of  ionic  and/or  elemental 
metals-incorporated  Zn-Ph  layers.  The  spectrometer  was  a  V.G.  Scientific  ESCA  3 
MK  II  using  fCa  X-rays.  The  vacuum  in  the  analyzer  chamber  of  the  instrument  was 
maintained  at  10"^  Torr  throughout  the  experiments. 
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Corrosion  measurements  were  made  in  an  EG  &  G  Princeton  Applied  Research 
Model  362-1.  The  specimen  was  mounted  in  a  holder  and  then  inserted  into  a  EG 
&  G  Model  K47  electrochemical  cell.  The  tests  were  conducted  in  the  aerated  0.5M 
NaCl  solution  at  25’C,  and  the  exposed  surface  area  of  the  specimens  was  1.0  cm\ 
The  cathodic  and  anodic  polarization  curves  were  determined  at  a  scan  rate  of  0.5 
mV/sec  in  the  corrosion  potential  range  of  -1.2  to  -0.3  volts. 

The  cathodic  delamination  tests  for  the  PPS-coated  anhydrous  Zn-Ph  specimens 
were  conducted  in  an  air-covered  0.5M  NaCl  solution,  using  an  applied  potential  of - 
1,5  volts  vs  SCE,  for  3  days.  This  procedure  is  described  in  reference  (8).  A  defect 
of  approximately  1  mm  was  made  using  a  drill  bit.  After  exposure,  the  specimens 
were  removed  from  the  cell  and  allowed  to  dry.  The  PPS  coating  was  removed  by 
cutting,  revealing  a  delaminated  region,  which  appeared  as  a  light  gray  area  adjacent 
to  the  defect. 


RESULTS  .AND  DISCUSSION 
Microstructure  and  Phase  Transition 

Fig.l  shows  SEM  micrographs  for  crystalline  Zn'Ph  microstnicture  deposited 
on  steel  substrates  by  immersing  them  into  unmodified  and  modified  zinc 
phosphating  solutions.  A  quantitative  analysis  can  be  made  of  any  element  which 
exists  at  depths  of  several  microns  from  the  solid  surface  using  the  EDX  spectrum 
in  conjunction  with  SEM  inspection.  In  this  case,  we  adopted  an  element  ratio  of 
selected  atom-to-Zn  peak  counts  per  30  sec  as  a  quantitative  evaluation.  The  results 
from  these  conversion  coatings  are  shown  in  Table  L  The  thickness  of  the  conversion 
coatings  adhering  to  the  substrates  was  determined  using  a  surface  profile  measuring 

svstem.  These  results  also  are  shown  in  Table  1.  A  standard  21n-Ph  coating  (see 
Eig.l-a)  made  with  an  unmodified  solution  is  characterized  by  microstnicture  features 
which  indicate  a  topography  of  interlocking  reaangular-shape  crystals  precipitated 
on  the  steel.  Compared  with  this,  the  crystal  morphology  resulting  from  the  inclusion 
of  Co  in  the  phosphating  solution  showed  (see  Fig.l-b)  packed,  plate-like  crystals  of 
a  size  >-30  ^m.  The  EDX  data  (see  Table  1)  for  the  Co-Zn-Ph  system  indicated  an 
Fe-to-Zn  ratio  of  0.42,  which  was  markedly  lower  than  that  of  the  control.  In  con¬ 
trast,  the  P-to-Zn  ratios  were  similar.  Since  Fe  can  only  originate  from  the  steel 
substrate,  it  is  possible  that  the  presence  of  Co  atoms  at  the  beginning  of  crystal 
growth  controls  the  release  of  Fe  ions  from  the  steel  surface. 

The  microstnicture  for  the  Ni  system-derived  conversion  coating  (Fig.  1-c) 
revealed  a  dense  morphology  of  wide,  plate-like  crystals  coexisting  with  small  block- 
type  crystals.  The  P/Zn  and  Fe/Zn  ratios  were  almost  equal  to  those  for  the  Co 
system.  A  high  Mn/Zn  ratio  of  0.15  was  detected  for  the  Mn  system-derived  coating 
(Table  1),  thereby  suggesting  that  an  appreciable  amount  of  Mn  can  be  introduced 
into  the  crystal.  The  SEM  micrograph  (d)  for  this  system  revealed  an  image 
resembling  that  of  the  Co  system.  Although  the  data  are  not  presented  in  any  of  the 
figures,  the  SEM  morphology  for  the  Ca-containing  conversion  coating  was  quite 
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similar  to  that  for  the  control.  However, no  indication  of  Ca  was  found  in  EDX 
spectrum. 


Figure  1.  SEM  images  for  conversion  coatings  derived  from  unmodified  (a),  and 
Co-(b),  Ni-(c),  and  Mn-(d)  modified  zinc  phosphating  solutions. 
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Based  upon  these  results,  we  conclude  that  the  magnitude  of  diffusion  and  migra¬ 
tion  of  these  transition  metal  species  in  the  crystal  layer  is  in  the  following  order; 
Mn>Co>Ni. 

The  XRD  data  (Table  2)  indicated  that  only  two  crystal  phases  were  distin¬ 
guishable;  hopeite  (Zn3(P04)24H20)  (9),  and  zinc  orthophosphate  dihydrate 
(Znj(POJ2-2HiO)  (10).  There  was  no  evidence  for  the  presence  of  the  transition 
metal-related  oxide,  hydroxide,  or  phosphate  compounds.  The  relative  proportions 
of  the  Zn3(P04)2'4H20  to  Znj(P04)j'2Hj0  arc  likely  to  depend  upon  the  metallic 
species  added  to  the  solution.  Hence,  the  unmodified  solution  yields  a  phase  compo¬ 
sition  consisting  of  dihydrate-based  Zn*Ph  as  a  major  component  and  hopeite  as  a 
minor  one.  When  Co-,  Ni-,  and  Mn-  modified  solutions  are  used,  they  seem  to 
promote  the  preferential  precipitation  of  a  single  hopeite  crystal  layer.  The  data  for 
the  Ca  system  suggested  an  almost  equal  proportion  of  dihydrate  -  to  tetrahydrate  - 
based  Zn-Ph  phases. 

From  the  above  results  and  the  EDX  data,  it  is  reasonable  to  conclude  that  the 
metallic  species  embedded  in  the  crystal  layers  are  present  as  ionic  and  elemental 
metals,  as  well  as  colloidal  oxides  or  hydroxides. 

TGA  curves  for  powder  samples  dried  at  80*C  are  depicted  in  Fig.2.  The 
temperature  of  the  onset  of  decomposition  was  obtained  by  finding  the  intersection 
point  of  the  two  linear  extrapolations.  The  curves  for  all  of  the  samples  indicate  the 


TABLE  1 

The  thickness  and  EDX  Quantitative.  Analysis 
for  Unmodified  and  Modified 
Zn*Ph  Conversion  Coating  Surfaces 


Thickness,  Intensity  Count  Ratio, 


System 

^m 

P/Zn 

Fe/Zn 

Co/Zn 

Ni/Zn 

Mn/Zn  Ca/Zn 

Zn*Ph 

IZ5 

0.82 

0.56 

- 

- 

- 

Co-Zn-Ph 

17.5 

0.84 

0.42 

0.08 

- 

- 

Ni-Zn*Ph 

21.8 

0.87 

0.40 

- 

0.03 

- 

Mn-Zn-Ph 

12.5 

0.93 

0.30 

- 

- 

0.15 

Ca-Zn-Ph 

17.5 

0.81 

1.21 

presence  of  two  thermal  decomposition  stages;  the  first  occurs  at  a  temperature 
between  -l5Cr  and  -I80*C,  and  the  second  in  the  range  from  -330"  to  -340"C. 
The  first  decomposition  stage  is  possibly  associated  with  liberation  of  water 
chemisorbed  to  the  crystal  faces,  and  the  latter  may  be  due  to  the  removal  of 
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crystallized  water.  Above  340‘’C,  the  curves  level  off,  implying  that  the  conversion 
from  hydration  to  dehydration  phases  was  essentially  completed.  At  340°C,  the  total 
weight  loss  for  the  control  21n*rh  was  9.1%;  the  Ca  system-induced  Zn-Ph  exhibited 
a  similar  value.  Somewhat  higher  weight  losses  (-11.3%)  were  measured  for  the 
other  Zn-Ph  systems,  A  possible  interpretation  for  this  finding  is  that  the  degree  of 
weight  loss  occurring  during  dehydration  depends  mainly  on  the  number  of 
crystallized  water  molecules  which  react  with  free  water  to  form  hydrogen  bonds. 
This  reflects  the  fact  that  the  affinity  of  the  hopeite  phase,  which  contains  four 
crystallized  H^O,  for  water  is  higher  than  that  of  the  dihydrate-based  Zn-Ph  phase. 
Thus,  the  major  factors  affecting  the  weight  loss  at  temperatures  up  to  340®C  are: 
1)  the  amount  of  water  trapped  by  hydrogen  bonding  in  the  crystal  layers,  and  2)  the 
number  of  molecules  of  crystallized  water. 


t  OOl _ 


0  too  200  300  400  SOO  600 

Temp«rature.  ®C 

Figure  2.  TGA  curves  of  conversion  coatings  derived  from  the  unmodified 

( - -  - - ),  and  Co  ( . ),  Ni  ( - - - ),  Mn  ( - 

and  Ca  ( . )-  modified  phosphating  solutions. 


Therefore,  it  is  reasonable  to  assume  that  such  dehydration  of  Zn-Ph  beneath 
high-temperature  PPS  topcoat  systems  may  lead  to  disbandment  at  the  PPS/  Zn-Ph 
interface,  the  extent  of  which  may  depend  on  the  amount  of  crystallized  water  in  the 
Zn-Ph.  The  influence  of  Co,  Ni.  and  Mn  systems-induced  hopeite  conversion 
coatings  on  the  magnitude  of  disbandment  might  be  greater  than  that  of 
Zn^fPO^jj-ZHjO  coatings  derived  from  the  Ca-modified  and  unmodified  phosphating 
solutions.  Assuming  that  this  concept  is  correct,  interfacial  disbandment  can  be 
avoided  by  converting  the  hydrated  conversion  coatings  into  thermally  stable 
anhydrous  phases  before  depositing  the  PPS  polymers. 
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Once  again,  XRD  analyses  were  carried  out  to  identify  the  phase  present  in  the 
dehydrated  Zn-Ph  after  heating  for  2  hr  at  34C®C  Table  2  summarizes  the  XRD 
data.  The  samples  consisted  essentially  of  two  anhydrous  Zn  -Ph  components,  a  - 


TABLE  2 

XRD  Phase  Compositions  and  Transformations 
for  Unmodified  and  Modified  Zln-Ph  Conversion 
Coalings  at  80*C  and  340“C 


Phases  present  at  80*C  Phases  present  at  S^O^C 
System  Major  Minor  Major  Minor 


Zn-Ph 

ZnjfPOJ^-lH.O  Zn3{P04)j4H,0 

a-and  )/-Zn3(P04)2 

Co-ZnPh 

Zn3(P04)j4H,0 

a-Zn3(P04)2 

Ni-Zn-Ph 

a-Zn3(P04)2 

yZn3(P04)2 

Mn-Zn-Ph 

Zn3(P04)24H30 

yZn3(P04)2 

a-Zn,(P04)2 

Ca-Zn-Ph 

Zn3(P04)j4H30 

and  Zn3(PO4)2-2H30 

a-and  y-Zaj^PO^)2 

- 

phase  and  y-phase  -  Znj(P04)2.  No  evidence  was  found  for  the  presence  of  crystalline 
Co,  Ni,  Mn,  and  Ca  compounds  in  these  XRD  tracings.  For  the  control,  the 
anhydrous  a-  and  y-phases  are  present  as  major  components.  The  predominant 
component  for  the  Co-  and  Mn-  l^-Ph  systems  was  the  y- phase,  suggesting  that  the 
transformations  to  a-  and  y-phases  are  related  to  the  original  phases  formed  at  SO’C. 
Namely,  the  conversion  of  hopeite  at  340*C  to  the  y-phase  rather  than  the  a-phase 
is  favored,  with  the  exception  of  the  Ni-Zn-Ph  system. 


Corrosion  Protection 


To  determine  if  metal  atoms  incorporated  into  anhydrous  Zn  -Ph  layers  inhibit 
cathodic  reactions,  we  focused  upon  the  chemical  states  of  340°C-oxidized  transition 
metal  species  incorporated  into  anhydrous  crystal  lattices,  and  the  chemical  trans¬ 
formation  and  conversion  of  the  oxidized  metal  compounds  after  exposure  to  0.1  M 
NaOH.  XPS  was  used  to  obtain  the  information.  XPS  high-resolution  spectra  for  the 
and  Mn^j/^  core  levels  of  Co-,  Ni-  and  Mn-incorpo rated  Zn-Ph  sample 
surfaces  were  determined.  Fig.3  shows  data  taken  before  and  after  exposure  to  the 
NaOH.  For  the  unexposed  samples,  the  spectra  for  the  Co  sample  has  a  major  peak 
at  782.7  eV  which  corresponds  to  the  Co  in  the  CoO  (11.12)  formed  by  the  oxidation 
of  the  Co  atom  during  dehydration  of  Zn^’h  upon  heating  in  air  at  340®C.  The 
peak  emerging  at  856./  eV  for  the  Ni  sample  reveals  the  presence  of  nickel  oxide 
(NiO)  ( 13,14).  The  formation  of  pyrolusiie  (MnO,)  at  the  surface  of  the  oxidized  Mn 
sample  can  be  recognized  by  the  main  signal  at  642.5  eV  in  the  Mn,pj^  region  (14). 
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Binding  Energy,  eV  Binding  Energy,  eV 


Figure  3.  XPS  high-resolution  spectra  in  CO;p3/2,  Ni,p3/2,  and  Mn2p3/2  regions 

for  transition  metals-adsorbed  Zn*Ph  surfaces  before  ( _ J  and  after 

(....)  exposure  to  NaOH. 


After  exposure  to  NaOH,  no  pronounced  peaks  were  found.  This  finding  implies 
that  Co  and  Ni  atoms  precipitate  on  the  outermost  surface  sites  of  the  Zn-Ph  [avers, 
but  do  not  diffuse  into  the  layers.  Therefore,  NaOH-induced  dissolution  of  the 
coating  surfaces  completely  eliminates  these  atoms.  In  contrast,  the  spectrum  from 
the  sample  containing  Mn  atoms,  the  most  diffusible  ionic  species  used,  clearly  shows 
a  conspicuous  signal  intensity  at  the  BE  position  of  642. 1  eV  that  may  be  due  to  the 
formation  of  manganate  hydroxides  (MnO(OH)  and  Mn(OH)3)  induced  by  alkali- 
catalyzed  hydrolysis  of  MnO,  (15). 

Fig, 4  shows  typical  cathodic  polarization  curves  of  log  current  density  versus 
potential  for  the  metal  oxides-adsorbed  and  unabsorbed  Zn-Ph  anhydride  samples 
in  an  aerated  0.5M  NaCl  solution.  Comparison  with  the  curve  for  the  unadsorbed 
Zn  Ph  sample,  shows  that  the  current  density  for  the  CoO-adsorbed  Zn-Ph  sample 
in  the  potential  region  between  the  l.l  and  -0.9  V  was  significantly  less.  The  next 
lowest  current  density  for  the  same  potential  region  was  obtained  from  coatings 
containing  Ni  oxides  in  the  crystal  lattices.  In  contrast,  MnO,  existing  on  the  Zn-Ph 
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Figure  4.  Comparisons  of  cathodic  polarization  curves  for  340”C-treated 

unmodified  ( - ),  and  Co  ( . ),  Ni( -  -  - ), 

Mn( - ),  and  Ca  ( . )  -  modified  21n-Ph  coatings. 


surface  seems  to  play  no  role  in  shifting  the  current  density  to  a  lower  value.  Since 
the  lower  current  density  is  attributed  to  a  lower  hydrogen  reaction,  this  result 
confirms  that  the  oxygen  reduction  reaction,  HjO  +  O,  +  2e~  =  2  OH',  of  the 
Zh'Ph'Coated  steel,  was  inhibited  by  incorporating  CoO,  and  NiO  into  the  Zn4’h, 

An  important  question  that  remains  is  which  one  of  two  Zn3(P04)2  phases,  a  and 
7,  is  less  susceptible  to  alkali- induced  dissolution.  To  address  this  question,  metal 
oxide-incorporated  and  unincorporated  Zn4*h  samples  were  exposed  to  O.lM  NaOH 
for  up  to  46  hrs.  The  weight  loss  caused  by  the  alkali  dissolution  of  21n-Ph  was 
measured  as  a  function  of  the  exposure  times.  The  results  from  these  samples  are 
summarized  in  Table  3.  The  weight  loss  is  greater  when  the  y-Zn^fPO^)!  phase  is 
present  as  major  crystal  component,  clearly  showing  that  the  /-phase  is  considerably 
more  susceptible  to  alkali  dissolution,  compared  to  the  a-phase. 

These  results  were  related  directly  to  the  rates  of  cathodic  delamination  of  PPS 
topcoat  films  from  the  Zn4*h-deposited  steels.  The  cathodic  delamination  tests  for 
the  PPS-coated  Zn-Ph  specimens  were  conducted  in  an  air-covered  0.5M  NaCl  solu¬ 
tion  using  an  applied  potential  of  -1.5  Volts  vs  SCE  for  3  days.  A  I  mm  defect  was 
made  using  a  drill  bit. 

These  test  results  are  reported  in  Table  4.  As  expected,  the  PPS-to-Co-  and  Mn- 
Zn-Ph  joint  systems  exhibited  rapid  delamination  upon  exposure,  because  of  the 
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high  degree  of  NaOH-  induced  dissolution  of  the  )/-Zn,(POi):  phase.  In  comparison, 
a  markedly  less  PPS-de!amination  was  observed  with  the  Ni-,  and  Ca-Zn-Ph.  and 
control  conversion  coatings  containing  a-Zn3(P04)2  as  the  major  phase.  For  instance, 
the  delaminated  area  of  PPS  film  from  the  unmodified  Zn^’h  was  only  0.03  mmT 
compared  with  2.54  mm*  for  the  PPS-to-/  phase  joint  systems. 


TABLE  3 

Effect  of  Anhydrous  Crystal  Phase  on  the 
Decrease  in  Weight  Loss  of  Zn^’h  Caused  by 
NaOH-Induced  Dissolution 


System 

Major 

Phase 

Minor 

1  hr 

Weight  Loss, 

5  hr  24  hr 

% 

48  hr 

Zn-Ph 

a-  and  y- 

0.060 

0.164 

0.206 

0.221 

Co-Zn  ^’h 

y-ZjijfPO^)! 

a-Zn3(P04)j 

0.066 

0.189 

0.234 

0.257 

Ni-Zn-Ph 

cr-Zn3(P04)2 

y-ZnjfPO^)^ 

0.061 

0.152 

0.175 

0.197 

Mn-Zn*Ph 

a-Zn3(P04)2 

0.066 

0.187 

0.233 

0.255 

Ca-Zn*Ph 

a~  and  y~ 

ZttjfPOjjj 

-- 

0.060 

0.160 

0.200 

0.217 

TABLE  4 

Comparison  Between  the  Cathodically  Delaminated  Areas  of 
PPS/Unraodified  Zn*Ph  and/Modified  Zn-Ph  Interfaces 
After  Exposure  to  0.5M  NaCl  Solution  for  3  Days 


System 

PPS 

Delaminated 
Area,  mm* 

Zn-Ph 

0.03 

Co-Zn -Ph 

2.54 

Ni-Zn>Ph 

0.13 

.Mn-Zn>Ph 

154 

Ca-ZnPh 

0.03 
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CONCLUSIONS 


We  investigated  characteristics  of  dehydrated  Zjl'Ph  crystal  conversion  coatings 
suitable  for  the  application  of  high-temperature  performance  PPS  polymer  topcoats. 
The  results  led  us  to  the  following  conclusions. 

1.  The  dissolution  of  a  certain  amount  of  Co,  Ni  and  Mn  nitrate  hydrates  in  the 
zinc  phosphating  solution  results  in  the  preferential  precipitation  of  a  hopeite 
phase  (Zn3(P04)i4H20)  on  the  steel’s  surface  at  80*C. 

2.  The  magnitude  of  diffusion  and  migration  of  transition  ionic  and  elemental 
metals  in  the  Zn-Ph  crystal  lattices  was  in  the  order  Mn>Co>Ni. 

3.  Referring  to  1).  the  addition  of  Ca  nitrate  hydrate  resulted  in  the  presence  of 
mix  phases  of  both  zinc  orthophosphate  dihydrate  (Zn3(PO4)i'2H20)  and 
hopeite,  the  same  as  those  derived  from  the  unmodified  phosphating  solution. 
However,  there  was  no  evidence  of  adsorption  of  Ca  atoms  on  the  crystal  lat¬ 
tices. 

4.  During  thermal  dehydration  at  340"C,  the  hopeite  -•  y-Zn3(PO,)2  phase 
transition  predominates  in  all  but  the  Ni-  incorporated  hopeite.  In  contrast,  the 
Zn3(P04)2-2H20  was  preferentially  converted  into  the  «-2^3(P04)2  phase. 

5.  The  oxidized  chemical  states  of  Co,  Ni.  and  Mn  atoms  on  the  surface  of  340®C- 
heated  Zn-Ph  anhydride  were  identified  as  CoO.  NiO,  and  MnO;, 

6.  The  electron  trapping  behavior  of  Co’*  and  Ni^*  ions  dissociated  from  the  metal 

oxide  compounds  in  NaCl  solution  inhibits  the  cathodic  reaction  on  the  Zn-Ph 
surface,  thereby  e.'tiending  the  lifetime  of  the  Zn-Ph  which  provides  protection 
against  corrosion  to  steels. 

7.  The  degree  of  alkali  dissolution  of  the  cr-Zn3(P04)2  phase  was  considerably  lower 
than  that  of  the  y-phase.  This  difference  reflected  directly  on  the  minimized 
cathodic  delamination  rate  of  PPS  film  from  the  ci-phase  steel  substrates. 


ACKNOWLEDGMENT 


Jim  Pak  gratefully  acknowledges  support  from  the  Department  of  Energy’s 
Division  of  University  and  Industry  Programs,  Office  of  Energy  Research,  as  a 
participant  in  the  Science  and  Engineering  Research  Semester  (SERS)  Program. 


REFERENCES 

I.  Sugama,  T.,  L.E.  Kukacka,  N.  Carciello,  and  J.B,  Warren,  Journal  of  Materials 
Science,  Vol.26,  No. 4.  pp.  1045- 1050,  (1991). 


CHARACTERISTICS  OF  ANHYDROUS  ZINC  PHOSPHATE  COATINGS 


239 


2.  Sugama.  T.,  L.E.  fCukacka,  Carciello,  and  J.B.,  Warren,  Journal  of  Coating 
Technology,  Vol.61,  No.43,  (1989). 

3.  Adaniya,  T.,  Sheet  Metal  Industry,  Vol.55,  No.73,  (1978). 

4.  Adaniya,  T.  and  M.  Ohmura,  Metal,  Vol.31,  No.  1100,  (1977). 

5.  Williams,  LF.G.,  Surface  Technology,  Vol.5,  No.  105,  (1977). 

6.  Kurachi,  M.,  K.  Fujiwara,  and  T.  Tanaka,  Proceedings  of  Congress  International 
Union  Electrodeposition  Surface  Finishing,  Basel,  No.  152,  (1972). 

7.  Leidheiser,  H.,  Jr.,  and  1.  Suzuki,  Journal  of  Electrochemical  Society,  Vol.128, 
No.241,  (1981). 

8.  Sommer,  A.J.  and  H.  Leidheiser,  Jr.,  Corrosion,  Vol.43,  No.661,  (1987). 

9.  Joint  Committee  on  Powder  Diffraction  Standards,  Card  33-1474,  (1984). 

10.  Joint  Committee  on  Powder  Diffraction  Standards,  Card  30-1491,  (1984). 

11.  ECim,  K_S.,  Physics  Reviews  B,  Voi.ll,  No.2177,  (1975). 

12.  McIntyre,  N.S.  and  M.G.  Cook,  Analytical  Chemistry,  Vol.47,  No.2208,  (1975). 

13.  Kim,  K.S.  and  R.E.  Davis,  Journal  of  Electron  Spearoscopy,  Vol.l,  No. 251, 
(1973). 

14.  Kim,  K.S.,  W.E.  Baitinger,  J.W.  Amy,  and  N.  Winograd,  Journal  of  Electron 
Spectroscopy,  Vol.5,  No.351,  (1974). 

15.  Oku,  M.  and  K.  Hirokawa,  Journal  of  Electron  Spectroscopy,  Vol.8,  No. 475, 
(1976). 


JOURNAL  OF  MATERIALS  SCIENCE  26  |I«)9U  UI45  n>?!0 


Influence  of  the  high  temperature  treatment  of 
zinc  phosphate  conversion  coatings  on  the 
corrosion  protection  of  steel 

T.  SUGAMA,  L.  E.  KUKACKA.  N.  CARCIELLO.  J  B.  WARREN 

Process  Sciences  Division.  Department  of  Applied  Science,  Brookhaven  National  Laboratory. 

Upton,  New  York  11973,  USA 


An  anhydrous  c(-Zn3(P04)2  phase  converted  by  the  dehydration  of  hydrous  zinc  phosphate. 
Zn3(P04}2 ‘ZH^O,  crystal  coatings  in  air  at  a  temperature  of  approximately  300  C.  significantly 
enhances  the  corrosion  resistance  of  steel,  and  also  reduces  the  susceptibility  of  the  crystals  to 
alkaline  dissolution.  A  subsequent  a->v  phase  transition  at  approximately  500  C  results  in  a 
poor  protection  behaviour,  because  of  the  formation  of  numerous  microcracks  on  the  crystal 
faces. 


1.  Introduction 

Earlier  work  at  Brookhaven  National  Laboratory 
iBNLl  indicated  that  crystalline  conversion  coatings 
deposited  on  steel  surfaces  through  a  dissolution-re- 
crystailization  process  of  the  original  zinc  ortho¬ 
phosphate  dihydrate  [Zn,(P04)j'2H.O],  not  only 
enhance  the  corrosion  protection  of  steel,  but  also 
signilicantly  improve  the  adherence  properties  to 
organic  topcoaimgs  [I.  2].  The  major  phase  in  the 
insoluble  conversion  coatings,  which  is  responsible  for 
ihcsc  improvemenis.  was  identified  lo  be  the  same 
Zn ,1 PO4 ), ‘2H iZn-Phlas  that  used  as  .1  convert¬ 
ible  material. 

f  rom  the  viewpoint  of  crystal  molecular  stnielurc. 
since  Zn'Ph  lavers  coniam  a  certain  amount  of  ery.s- 
lallizcd  water,  it  should  be  considered  that  when 
thermal  harrier  organic  topcoat  systems  such  as  poly- 
imide  [31-  polyhenzimidazolcs  [4],  polytjuinoxaline.s 
[.“ij,  and  polyphenylene  sulphide  [6].  arc  applied  di¬ 
rectly  10  the  Zn’Ph  surface,  high-iempcraturc  treat¬ 
ment  ol'  ihe  topcoats  to  form  solid  polymer  lilms  will 
lead  10  micrfacial  dislxmdmeni  and  separation 
brought  about  by  the  dehydration  of  the  Zir  Ph.  ’This 
'allure  i.s  as.sociatcd  with  the  formation  of  weak 
houndarv  layers,  resulting  in  poor  corrosion  pro- 
icclion.  It  IS  very  important,  therefore,  to  gam  liinila- 
menltil  knowledge  regarding  the  thermal  degradation 
.ind  hchtivioiir  ol  Zn-Ph.  prior  lo  studying  the  imer- 
I'aeiiil  chemical  iialiire  helween  the  high-lemperalure 
lierrormaiiLe  polymers  and  the  crystalline  /.ii’Ph.  .As 
■  ilrctidy  reported  bv  Kojinia.  <•/  ul.  [  ^  |.  Ihe  phase 
iran.sitioii  of  hopeiie.  /n ;( I’( )  j. -dl  I  d ).  with  m- 
creased  Icmpertillire  iii  nitrogen  gas.  occurs  llirongh 
the  folk) wing  processes 

/.ndPOj), ’411.0  '  ./ii,(l'0  J.-2II.O  . 

'/-ZnhPOj.  '  -II-Z.imEOJ,  '  .•,'-/ii  ,(1‘(  >4). 

'  i.M.lii 


These  authors  also  indicated  that  a  similar  phase 
transition  was  observed  in  hot  air. 

The  aim  of  the  present  study  was.  therefore,  to 
determine  the  correlation  between  the  phase  trans¬ 
ition  or  conformation  of  the  Zn,(P04),-2H;0  phase, 
as  a  function  of  temperature,  and  to  understand  how 
the  thermally  transformed  phases  protect  steel  from 
corrosion.  In  order  to  obtain  this  informaiion.  Zn  •  Phs 
precipitated  on  steel  were  e.xposed  10  air  at  temper 
aturcs  up  10  500' C.  Electrochemical  lesling  of  the 
converted  phase.s  was  then  conducied  to  provide  data 
cm  the  corrosion  protection.  Since  cathodic  deiamina- 
lion  occurring  at  polymer-conversion  coating  inter¬ 
faces  IS  due  mainly  to  alkaline  dissolution  of  the 
phoNph.ilc  cotiiing  [X].  the  e.Ment  of  dissolution  was 
also  investigated.  This  was  accomplished  :i Iter  so’.i king 
Ihedillerent  crvsiai  pha.ses  in  ,1  0.1  \)  NaOH  soluiion 
ai  25  C 


2.  Experimental  procedure 

2.1.  Materials 

The  ineitil  suh.sirtite  used  w.is  a  high  strength  cold- 
rolled  sheei  steel  supplied  bv  ilie  Hethlcheni  Steei 
Corporalion.  The  sicci  conlained  t).00i  wi  "  1, 

O.fi  w  I  ‘*'.1  M  n.  0  (■>  w’l  "  II  Si.  .iikI  0  07  wi  "  n  P.  The  formii- 
ialioii  for  ihc  zinc  pluispli.ilmg  lujiiid  used  111  this 
study  consisted  ol  l..‘'Wi",f  /me  orthopilivspalc 
d  ill  vdi’.ite.  2.b  w  t  "  II  I’l  ,  l’(  .  j  lid  b(i  1  w’l  "  n  w  .iier. 

rile  Z.ii’Pli  eoiivei’snm  coalings  were  prepared  in 
accordance  with  the  lollowing  seijueiiec.  \s  llie  liisi 
step  III  the  prepat’alloii.  ilie  steel  surface  w’as  wiped 
w-iili  acelone-sotikeil  tissues  10  rciiune  anv  surface 
cimiamiiiatuui  due  to  mill  oil  The  steel  wa.^  then 
iimncrs’ed  for  up  lo  20  lUi’ii  .11  the  conversion  solution 
de.scribevl  .ibovc  at  a  icmpcrainre  of  SO  \licr 
iniiiicrsioii.  the  surlace  was  raised  with  water,  .iiul 
ilicn  dried  in  an  oven  at  bO  C  for  to  nun, 


(K)22  24til  <«)  .Ml.l  tX)  (  12 


/Vzn  (  liii/imiiii  mu!  Hull  !  III. 
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2,2.  Measurements 

In  order  lo  study  the  phase  transition  and  conversion 
ol'Zn’Ph  coatings  as  a  function  ol'  temperature  up  to 
500  C  in  air.  the  Zn'  Ph  crystal  layers  deposited  on 
the  steel  surfaces  were  removed  by  scraping.  They 
were  then  ground  to  a  size  of  .‘''25  mesh  i0.044  mini  for 
use  in  analyses  performed  using  the  combined  tech¬ 
niques  ol  thermogras imetrie  analysis  iTCAl  ettupled 
with  dill'erential  thermal  atialvsis  (DTAl.  infrared  (IRl 
spectroscopy,  and  X-ray  powder  dilTraction  tXRDl. 

The  eleetrochomieal  testing  lor  data  on  corrosion 
was  performed  with  an  EG  &  G  Princeton  Applied 
Research  Model  .t62-l  Corrosion  Measurement  Sys¬ 
tem.  The  electrolyte  was  a  0.5  vi  sodium  chloride 
solution  made  from  distilled  water  and  reagent  grade 
salt.  The  specimen  was  mounted  in  a  liolder  tind  then 
inserted  into  a  EG  &  G  Mitdel  K47  cleetroehemical 
cell.  The  te.sts  were  conducted  in  the  aerated 
0  5  \i  NaCI  solution  at  25  C.  and  the  e.sposed  surface 
area  of  the  specimens  was  1,0  cm".  The  cathodic  anil 
anodic  polarization  curves  were  determined  at  a  scan 
rate  of  0.5  mV  sec  '  in  the  corrosion  potenliLil  range 
of  -  1  2  to  0..'  V 

Alterations  to  the  surface  mierotopography  images 
and  the  changes  in  surface  chemical  component.s  of  t  ho 
heat-treated  Zn  ■  Ph  coatings  before  and  after  exposure 
to  a  0.1  M  NaOH  solution  for  I  hr.  were  e.xplored 
using  AMR  10  nm  scanning  electron  micro.seopy 
iSEMl  associated  with  TN-2000  energy-dispersion 
X-ray  spectrometry  (EDX). 

3.  Results  and  discussion 

Fig.  !  shows  typical  TGA  DTA  curves  for  a  powdered 
Zn  -  Ph  sample  after  drying  at  00  C  for  24  h.  The'  curve 


indicates  that  heating  to  1 70  C  results  in  a  weight  loss 
of  approximately  4'l''o.  Based  upon  the  broad  endo¬ 
thermic  peak  on  the  DTA  curve  at  the  same  temper¬ 
ature,  the  weight  loss  is  likely  to  be  due  to  the  removal 
of  evaporable  water  such  as  free  water  and  water 
adsorbed  on  the  crystal.  The  curve  also  illustrates  i 
manifestation  ol  the  kinetics  ol  the  elimination  of  non- 
cvaporable  water  upon  heating  the  Zn-Ph  com¬ 
pounds.  The  reduction  in  weight  of  appro.'tirnalci'- 
X''.o  which  occurs  over  the  temperature  range  l''0  to 
550  C  is  probably  tissociated  with  the  liberation  of 
crystallized  water  existing  in  the  Zn-Ph  cornpounds. 
and  this  loss  appears  to  be  related  directly  to  the 
prominent  DTA  endothermal  peak  at  545  C.  Beyond 
approximately  400  C.  the  weight  loss  curve  seems  to 
level  olT.  thereby  suggesting  that  tlie  conversion  of  the 
hydrous  Zn  -  Ph  compound  into  an  anhydrous  one  is 
completed  at  approximately  that  temperature. 

In  addition  to  the  TGA  DTA  .■^tudies.  IR  and  .XRD 
tinalvscs  were  also  performed,  and  ihe.se  data  are 
shown  in  Eigs  2  and  5.  respectively.  An  estimate  of  me 
rate  of  liberation  of  crystallized  wtiier  from  the  Zn'  P!i 
compounds  as  a  function  of  temperature,  was  made  b\' 
plotting  ilie  variations  in  IR  Ltbsorbance  with  lemper- 
aiure  at  a  frequency  of  IfilOem"  '  which  reveals  the 
H-O  -H  bending  vibration  of  water  of  crystallization 
(see  Fig.  2).  As  is  evident  from  the  absorbance  against 
temperature  curve,  the  absorbance  decreased  rapidly 
upon  heating  to  500  G  and  beyond  this  temperature, 
levelled  olT.  This  suggests  that  to  a  large  c.xtent,  the 
dehydration  of  Zn  Ph  occurs  in  air  at  tempemtures 
less  than  500  C.  In  fact,  the  XRD  pattern  (see  Fig.  5 
'00  C)  for  the  dilfraction  range  0.256  to  0.571  nm. 
clearly  indieuies  the  formation  of  Linhydrou.s 
■z-ZndPOj),  us  the  major  phase  .uid  anhydrous 


Tvmperaiure  ( “  C) 


I  vpk.il  t'(  (A 
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7-7n,(PO^),  as  a  minor  phase.  Ail  of  XRD  lines  for 
samples  treated  at  temperature  <  200  C  are  associ¬ 
ated  with  the  original  Zn3(PO4)2'2H20  phase.  This 
implies  that  the  conversion  into  the  anhydrous  phases 
occurs  at  ;t  temperature  ranging  from  200  to  300  C. 


L 


< 


0  10“ 


100  200  300 

Temperature  (^C) 


Ff^i/rv  ^  Changes  in  JR  jhsorbunce  of  H-O-H  al  I6l0cm  '  us  a 
funciion  of  itimpcniiurc  for  zinc  phosphalc  aiuiings  dcposHcd  on 
siccl  surtuccs. 


As  indicated  by  the  presence  of  a  weak  diffraction  line 
at  0.293  nm  which  ascribes  to  the  hydrous  Zn-Ph 
compounds,  the  hydrous -» anhydrous  conversion 
was  not.  however,  complete  at  300 '  C.  This  line  disap¬ 
peared  when  the  sam  pie  was  oven-heated  at  400  C  for 
!  h.  .4t  500  C.  the  tracing  indicates  the  growth  of  line 
intensities  at  0.279  and  0.343  nm.  and  weak  peaks  at 
0.307.  0.315,  and  0.360  nm.  Since  the  former  two  in¬ 
tense  lines  represent  the  presence  of  a  relatively  large 
amount  of  -  ZiijlPO^.),.  it  appears  that  heat  treat¬ 
ment  at  500  C  promotes  ot  -»  y  phase  transition  pro¬ 
cesses.  Based  upon  the  above  information,  a  summary 
of  the  phase  transition  of  ZnjfPOj.), '21-120  at  temper¬ 
atures  up  to  500  C  is  given  in  Table  I.  The  resulting 
phase  transitions  are  quite  different  from  those  ob- 
lained  during  an  earlier  study  by  Kojima  [7]  of  tlie 
thermal  deterioration  of  hopeite.  Ziiji POj.), '4H.O 
While  the  former  undergoes  ihe  following  conversion 
processes  at  relatively  low  temperatures,  up  to  500  C: 
ZnjiPO^), '21-120  —  ■:(-Zn  jl POj.)2  -» ',/-Z'n5(P04)2.  and 
the  -i  phase  derived  from  hopeite  is  transformed  to  me 
|3  phase  rather  than  ihe  •;  phase. 

Electrochemical  corrosion  tests  were  performed  to 
investigate  how  the  various  conversion  phases  affect 
the  ahiiity  of  the  crystal  coatings  to  protect  the  steel 
from  corrosion.  This  protective  ability  was  estimated 
by  making  comparisons  between  the  corrosion  poten¬ 
tial.  £„rr-  values  obtained  from  the  potential  axis  at 
the  transition  point  from  the  cathodic  to  anodic  sites 
on  the  electrochemical  polarization  curves.  As  sum¬ 
marized  in  Table  I.  no  appreciable  changes  in  the 
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table  I  PtiiiSL'  LhimuON  in  i;i)nvt!rsion  CDSHinj:  wilh 


Tern  peril  lure 
i  i') 

Ph  11  hc 

t . ■' 

Maii'r 

Minnr 

liin 

ZiiaBtiji..' 

:h.o 

-  0.57.^ 

run 

7.11  al'Oji.' 

:h  .() 

- 

.vl)l) 

M-Zn,iPO, 

1; 

■..'■ZnaPtlJ.' 

- 11. 

4(111 

,iik1  •ZiiaPDo.' 

-  n.MHi 

.^IH) 

.■•Ziial’O, 

1.^ 

7.7.n  ,i  POj  1; 

- 

'  111  .Kr.ilcii  D.Mi  NiiC’l  Miliiiwn. 


HI  lues  for  srimples  trenied  iit  leinpermurcs  up  lo 
.'00  C  were  observed.  A  shifl  in  lo  n  more 
neguiive  site  oeeurred  when  the  sumples  were  baked  at 
400  C.  thereby  indieatiniz  that  the  hybrid  layers  of 
7-Zni(P()4);  and  y-ZndPO^);  have  less  eorrosion 
resistanee.  .\  'iirther  inereiise  in  the  treatment  temper¬ 
ature  to  .^00  C  resulted  in  ;i  siunilieant  redttetion  in 
Thus,  it  was  found  that  the  eorroston-proteettve 
ahlliiy  ol'  the  Zii'Ph  layers  is  dependent  upon  the 
estent  of  the  eonversioti  from  the  -jt  phtisc  to  the 

phase,  hut  Independent  of  the  dehydrtition  and 
elimination  of  crysittllized  water  in  the  Zn'Ph  layers 
which  occurs  at  a  temperature  of  approximately 
.'00  C  in  ;iir.  Tile  ptissible  reason  for  the  poor  pro¬ 
tective  behaviour  of  the  Zn-  Ph  layers  coniaininii  the  / 
phase  is  the  increased  porosity  of  the  crysitil  layers. 
This  ean  be  seen  in  the  SEM  imuizes  shown  in  Fie.  4. 
Nameiy,  the  SEM  micrograph  al  the  bottom  of  the 
(iuure  which  is  of  a  500  C-lrealed  sample  surface 
indicates  ttie  presence  of  mimerou.s  mieroeraeks  on 
the  crystal  faces.  Kig.  4  also  gives  the  results  of  ele¬ 
mental  intensity  eoiini  ratios  for  iron  or  pluisphoriis 
to  zinc  atoms  obt. lined  by  FDX  quaniilalive  analyses. 
These  resulls  show  ihal  the  P  Zn  ratio  rlcereascs  wtih 
increased  lemperaluro  .ind  that  no  signilieani  changes 
Occur  in  the  Fe  Zn  ratio  at  temperatures  up  to  I'OO 
Tills  implies  that  some  of  the  phospliorris  atoms  are 
ehmmaicd  as  a  re.siili  of  heating  in  air. 

Fig.  shows  SEM  micrographs  and  aeeomp.itiving 
TDX  eleineiiial  analyses  for  the  heat-treated  samples 
after  c.xposiirc  to  a  tl.  I  \t  NaOH  solution  for  I  h.  From 
the  viewpoint  of  surface  topographies,  the  .SHM  image 
for  the  c.xposed  I  DO  C-sutnples  reveals  a  random 
disirihiition  ol  roundish  niieroerysials.  The  alteration 
to  a  roundish  shape  from  ilie  original  angular  shape 
appears  lo  be  due  to  dissolution  of  the  ei  ystal  caused 
by  the  atKiek  of  the  NaOH  solution.  In  eonneeiioti 
with  this,  the  PDX  Zn  ratio  vvas  reduced  sigtnlie- 
iinlly  fnim  iluil  of  the  eorrespoiidmg  utie.xposed 
N.iniple  (see  I'lg  4  lod  ( T.  It  is  clear  ilial  a  large 
aiiU'iml  of  pliiisphaie  was  icmiived  liy  the  alk.iline 
dissoliiiioii  ol  the  /tl  •  Fit  crystals  In  coiiirasi.  ilie 
I’c  /ii  rai ID  clia iiged  very  Inilc. 

ITic  cxieni  of  the  .ilkaline  dissoluinni  i  >1'  the  /ii  ■  Pli 
can  be  e.sdnialed  liom  the  umiumt  ol’ rodiielii Ml  in  ihe 
F  /ii  ratios  .IS  iletei mineil  hy  compan.sons  of  (he 
!  I)X  ^|u,n1lllallvc■  daia  for  saiiij’iles  heloi'c  atul  aller 
e.siniMire.  Alleniion  wa.s.  lliorel'oi’e.  given  lo  the 
changes  in  the  F  /.n  raiio  olihe  siimiiic.s  as  a  liiiiclion 
of  icni|KTaiiiie  The  resulting  I  l)X  tiata  imlicMle  dial 


I'iKiire  J  STM  phl'l<»era(l^1^  l.il  t'Xl  .  il'l  .Mm  .iikI  ici  "'IXI  O  ivs.ii'ct 
/ii-  I'll  •>iirl'acc''. 
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O  S  ^ 
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(lie  I’  /tl  ratios  I'oi  (he  evposeil  samples  ',\cTe  louei 
than  for  iiiiexposed  ones,  .ind  Ute  magnitude  depeiuls 
pniuarilv  on  (he  ireaimeiii  leniperaiure:  namcK.  ihe 
1^1111^1011  rale  entispicuoiislv  Jeeieases  wiili  an 
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/■ifwi'  <  Sr.M  im;ii:cs  .iihI  FXD  il.iiu  Im  ificrnuilK  liviilcil  /n  l’h 
.illur  c'if'iPMift  lo  11  1  M  N.iOII  I'ni  I  tir.  l.il  KKi  C. 
I  111  Will  t  It!  .'INI  C 


I  kmiiiil  Alitr  ^poMirc  111  S,i<  )H  ■■iK'ii'-ili  r.ilm /ii 


|iMi  I  iim  (  -iiKi  I 


IJv'II 

■IM 

1)  S-l 

/lIK 

1  1)1  > 

1  1H1 

1  iXI 

<1  '  ' 

<1  N,! 

iin-rLM-iL'  in  [luiilmoiii  ii:in|n;r.ii  iitv  llciwovcr.  .11 
i(Kl  ( iliu  I’  /n  Kiiins  I'm  s.im|ilc>  Iil’I'hio  iiiuI  .il'icr 
c'lpii'.iii'k;  were  esseiUi.illy  llic  mimic,  lilcreliy  Mie^CNline 
lh;il  7  pli;i>e  riL'li  crvMiil  Invert  .iie  Icnn  sii'.ceplihic  In 


ulkaiine  dissolution.  Thus,  the  magnitude  of  alkaline  dis¬ 
solution  for  the  Zn '  Ph  compounds  seems  to  be  in 
the  order  of  ZtidPOj),  •  2H;0  >  i-Ztt,lPO.;)j  > 
v-Zn^iPO^).. 

Poiari^aiion  curves  for  100.  .^00  and  .'00  C  treated 
samples  ttfter  e.xposure  to  a  0  1  \i  N;tOH  solution  for 
I  h  are  given  m  Fig.  6.  The  shtipe  of  the  curses 
represents  the  transition  from  cathodic  pr'lanzaiion  ,u 
the  onset  of  the  most  negaiive  poteiilitil  to  ihe  anodic 
polarization  curves  at  the  end  of  the  lower  ncgaine 
potential.  Tlie  poieniial  a.sis  at  the  transition  point 
from  cuihodic  to  anodic  curves  is  normalized  as  the 
corrosion  potential.  These  polarization  behavi¬ 
ours  were  determined  in  an  aerated  0.5  .m  NaCl 
solution  at  25  C.  Comparisons  of  the  cathodic  polar¬ 
ization  ureas  for  ihe  aOO  and  500  C  treated  samples 
with  that  for  the  100  C  treated  sample  indicated  the 
following;  (l!  at  500  C.  ihe  short-term  sie:idy->iaie 
current  value  in  the  potential  region  between  -  l.u 
and  -  l.l  V  Is  considerably  higher.  (2)  hcttl  trc.iimcm 
ai  .’OO  C  shifts  the  to  a  more  positive  site  anti 
dccreti.sc.s  the  current  density  at  ihc  poicnii.ii  a.vis.  and 
i.^)  trcaimcnl  at  '00  C  dccrctiscs  and  enhances 
the  current  density  in  ihc  vicinity  of  \lihough 

ihe  .‘'(X)  C  treated  Zn  -  Ph  is  less  su.scepiibk  to  tilkalmc 
di.ssolutioti.  the  higher  current  density  (observation  1 1 ) 
above)  is  indicative  of  high  oxygen  reduction  kinetics 
which  occur  under  the  coating.  The  reason  for  this 
enhanced  oxygen  reduction  reaction.  H.O  +  kD, 
-1-  2e  ■  =  20H  in  an  aerated  NaCI  solution  mav  be 
due  to  the  increa.scd  porosity  of  the  coating  caused  by 
the  t  ->  'f  phase  transitions  during  heating  at  .'00  C. 
thereby  rcsulling  in  a  poor  protective  performance.  *11 
addition,  a  coaling  exhibiting  .1  porvr  protective  nature 
would  be  expected  to  di.splay  a  lower  E^.„„  and  a 
higher  eiirreiit  densiiv.  This  is  in  agreemcni  with 
observation  With  regard.s  to  ohscrvaiion  i2l.  the 
conversion  lo  an  tinhyilrons  7  phase  at  .’OO  ("  yields  a 
more  stable  layer  and  inhibits  the  oxygen  rediiciion 
retieiion.  It  appe.irs  lhai  ihi.s  relates  ilirceilv  wiifi  the 
low-rale  of  alkaline  di.ssoluiioii. 


4.  Conclusions 

The  waier  of  crysiallizatioii  m  ilie  Zn ,(  POj  (.  •  2H  ^t) 
maior  phase  of  Zn  ■  Ph  conversion  coalings  deposned 
on  vied  Mirltiees  iltroiigli  dissolulion  rcerv'itilli/aiion 
processes  using  /me  orthophosphaie  dilyvdratc  pow¬ 
ders  IS  eiliiimtned  by  he, nine  in  tnr  at  lemperauire 
between  .'00  anil  4(ill  CV  I  he  kinetics  for  ihe  thermal 
dehydration  of  ihc  hydrous  erysiai  coalings  ire  re- 
laied  dii'ccily  lo  the  following  phase  ii.iMsiiioii  ,11 
(enipeiaUiies  up  to  '00  ( ' 

/iiiiPt  •  21 1  .o  •  7-/ii  a  I’O, ).  ■■ 

ilHl  t 

Zn  ,(P(  >j ).  ■  7-/n  it  PO  1 1. 

a  lid 

*v«IXl  I 

■'•/ii  ,1  P( >_! 0  ‘  v  /ii  ,(PO,)i  7-Zn 
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2x10"'  1  10  10®  10^ 


Current  density  (^iAcm'^1 

hvurf  n  PolunViiiiuii  uiirvos  I'ur  lOd  C  i  ■■  ■  i  .'(X)  C  i  -  •  i  .'OO  ('  i  l  ireuled  iinc  phoxplinuU  sicels  after  iitimcrsiiin  :n  11,1  m  NjOH 


WIiL'n  ihe  uorroMon-proikictive  ubiliiyof  iliesc  coiivor- 
phti.scs  w;is  sitidicd.  it  was  determined  that 
aiihvdrous  7  pliase-ncl'i  erystai  layers  yieidcd  at 
.'(Ht  C  had  the  same  protective  ability  as  hydrous 
csiiiversion  coalines.  Heat  ircuimeni  at  5(lfl  C  a.s  a 
means  ol'  producing  y  phase-nch  coatiitgs.  however, 
led  10  ;i  povir  protective  behaviotii .  This  was  due  to  an 
increase  lit  the  number  of  microcraeks  on  the  crystiii 
faces  caused  by  tt  -•  y  phase  transition.  This  suggests 
that  the  corrosion-protective  ability  of  Zn'Ph  layers 
at  high  temperatures  is  dependent  on  the  extent  of  the 
conversion  from  tx  to  y  phases,  but  independent  of  the 
dehydration  and  elimination  of  crystallized  water  itt 
the  Zii'Ph  lavers. 

The  anhydrous  y  and  v  phasc.s  were  ttiss)  found  to  he 
less  susccpitbie  to  alkaline  dissolutton  of  Zif  Ph  crys- 
lal.s.  I  hereby  resulting  tn  a  lower  rate  v>f  phosphorus 
dissoetaimn  frvim  the  erystai  layers  The  mieroeraek- 
fiec  x  phase  layers  at  .'(H)  C  yielded  the  bevi  pri>- 
leciion  perlortnanee  for  the  crvscil-eovered  >teel  xys- 
lem'.  npvin  expoxiire  tvi  it  NaOH  xolatioti. 
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Abstract 

The  inc()rj»ra(Jon  of  cabal (  (Co‘ ' )  iind  nickel  (Ni*")  ions  in  a  po!y(ucr\'lic)acid  (ptAAD-moililicd  iuic  phiKphaic 
solution  pronioietJ  ihc  growth  and  dcvclopincnl  ofciysialline  zinc  pho.spbatc  (Zn-  Pli)  conversion  cnaiings  uepnsiicd 
on  sicel  surfaces.  This  enhanccmeiii  was  due  primarily  lo  ihc  prcfercniiat  upiakc  of  Co""  and  Ni"'  ions  i>y 
p(AA),  to  form  ihe  Co-  and  Ni-OOC-  salt  complexc.s,  rather  than  complexe.s  with  zinc  itrns.  The  ckciron 
irapping  behaviors  of  Co'*  and  Ni’’  dissociated  from  the  salt  comple.xcs.  and  ihe  hydro.xides  in  the  NaCI  solution 
inhibited  tire  calhodic  reaction  on  Zn-Pir.  In  particular,  the  conversion  coalings  derived  from  the  nickel-modified 
phosphate  solution  were  characterized  by  the  formation  of  a  couiini;  consisting  of  hopcite  as  a  major  crystal 
phase,  zinc  orthophosphate  dihydrate  as  a  minor  phase,  and  an  amorphous  iron-rich  phosphate  phase,  this  coating 
provided  an  extensive  coverage  over  the  .steel,  which  contributed  lu  protecting  it  from  corrosion. 


t.  Introduction 

Zinc  phosphate  (Zn  Pli)  conversion  eontings.  which 
arc  prepared  by  tmmersing  steel  substrates  in  a  .solution 
of  zinc  phtjsphaie,  have  been  widely  tipplicd  a.scorrtssion 
barriers  for  steel.  As  pari  of  work  to  dcvc.op  advanced 
Zn  •  Ph  coatings,  our  particular  locus  was  placed  on  the 
modilicaiions  of  Zn  Ph  by  incorporating  the  organic 
polyclcctrolytc  macromoleeulc  coniaintng  proton-do¬ 
nating  pendant  group.s,  such  a.s  carboxylic  and  sulfuric 
acid.s  [1-31,  Our  data  indicated  that  the  segmental 
chemisorption  of  functionai  polyelecirolytc  on  small 
phospliatc  crystals  ;it  the  beginning  of  the  precipitation 
of  Zn  •  Pii  not  only  acts  lo  array  a  uniformly  packed 
fine  crystal  morphology  brought  about  by  suppressing 
and  delaying  crystal  growth  but  also  significantly  im¬ 
proves  the  stillness  and  ductility  of  the  normally  brittle 
Zn  ■  Ph  layers.  The  mtijor  reason  for  these  changes  was 
associated  with  the  formalit)n  of  the'  carhoxylatc  of 
sulfonaie-Iinked  zirie  complexes,  consisting  of  ;i  charge- 
transferring  bond  ai  polyelecti'oIvte-Zn  ■  I’ll  interfaces, 
rite  most  reccril  study  |4|  on  the  enhancement  of  the 
crmrosion-proieclive  ability  of  iiiimodilied  Zn  Ph  dem- 
(insirated  that  the  arlsorpiion  of  C'o" '  ami  Ni"'  ion.s 
on  Ihe  crystal  laces  extends  the  tliii;ihility  of  Zn-Ph. 
The  reason  lor  Ihc  extended  dnrahiiily  was  title  primarily 


lo  the  olcetron-lrapping  behavior  of  such  ionic  species, 
which  inhibits  the  calliodie  reaction  on  Ihe  iineoated 
parts  of  the  steel  surfaces.  However,  there  were  no 
polyelecirolytes  in  the  cobalt  .mil  nickel  ions  incoi- 
ptrraied  in  the  zinc  phosphate  solution.s. 

Accordingly,  the  emphasis  of  onr  present  siudv  was 
directed  toward.s  eharaetcrizing  Zn  Ph  derived  frtJin 
the  cohalt  and  nickel  ion-zinc  phosphate  solutions  con¬ 
taining  poly(:icry'lic);icid  (p(AA))  which  is  a  poiyclce- 
trolytc  macromoleeulc  species.  Tlie  research  had  the 
following  three  ohjcctives;  (I)  to  explore  the  influence 
of  segmental  ehemi.sorption  of  p(AAl.  which  will  react 
with  cobalt  and  nickel  ion.s  adsorbed  to  Zti-Pfi  ervstai 
surfaces,  on  the  devciopment  ami  growth  of  crystals 
at  the  beginning  of  the  precipitation  of  conversion 
coaling  to  the  steel  surface,  (2)  to  investigate  ihc  crystal 
phase  tis  a  function  of  eubalt-io-nickel  ratios  and 
to  assess  the  ability  tif  the  limilly  assembled  crystal 
layers  lo  proicei  ihe  steel  against  cornision. 


2,  Kxperitneutal  rlelnil.s 

J.  I.  Materials 

The  metal  .siibsiratc  iisc't.1  ueis  AI.Sl  ll'ld  cold-ioiicJ 
steel  snppiiot.1  by  the  Doinati  ami  Ihtivi.s  fo,  The  .steel 


U2S7  K<)72/42/TS  Oil 


ii.;t  l!J<r' 


l\lM‘V'i<T  Si‘<|Uui;i.  .All  n^^hl.s  r<-scrvtHl 


/’,  R.  HroytY  /  fJir\A)  n\(>(fiJic(f  Zff  •  PU 


L'Udtaincd  ().n<S-iJ.l3  wt.%  C,  0.30-0.61)  wi.%  Mn.  (1.04 
'■vt.'r  P  ;ind  0.05  S.  Thu  I'ormuhition  for  the 

iinniodihed  zinc  phosphtite  '(quid  was  1.3  wt.''c  zinc 
uiiliophospinitc  dihydiaie  [Zni(PO.|)< ■  2H.O|.  2.7  wt.73 
H  ,PO,  and  OO.t)  HX).  In  modifying  this  standard 
tnrmulatiiui.  two  metal  nitrtiie  hydrates.  Cot  .NO,), 
oit'O  and  Ni(NO.>);  6H^O  supplied  by  Aldrich  Chem¬ 
ical  Company,  Inc.,  and  25%  p(AA)  colloidal  .solution 
obtained  from  Rohm  and  Hass  Company,  were  em¬ 
ployed  ;is  a  source  of  the  ionic  cobttlt  and  nickel  atoms 
and  the  polyeicctrolyte.  The  concentrations  of  these 
metal  compounds  and  pfAA)  (molecuknr  weight  of  tibout 
(itKKllI)  added  to  the  zinc  phosphate  solution  were  1.0 
wt.%-  and  0.5  wt.'.’r  of  the  total  standard  solution 
respeetivclv.  Five  different  ratios  of  CofNOifj-hH-.O 
10  Ni(NO,),-6H,.0  (101)  to  0.  75  to  25.  50  to' 50.  25 
t(t  75  and  0  to  100  by  weight)  were  used  to  eomptire 
iheir  protceiive  L'll'e'cts  against  corrosion.  Although  an 
alkaline  immersion  or  spray  is  gcner,'illy  accepted  to 
clean  the  metal  surfaces,  in  this  study  the  steel  surfaces 
wore  wiped  with  acetone-soaked  tissues  to  remove  any 
surface  contamiiration  from  mill  oil.  The  steel  then  w;is 
immersed  for  up  to  20  min  in  these  modified  and 
unmodified  conversion  solutions  at  a  temperature  of 
81)  °C. 

2.2.  ^icasiiremaiis 

X-ray  photoclectron  spectroscopy  (.XPS)  was  used 
to  identify  tlie  chemical  states  and  elemental  compo¬ 
sitions  It  theoutermost  surfaccsite  of  the  p(AA)-Zir  Pit 
hiyer.s.  I’he  speeiromctcr  used  was  a  V.O.  Scientilie 
ESCA  3MK  11  with  an  Al  Kor  ( 1 480. 6  e  V)  X-ray  source. 
The  surfaces  of  conversion  eoating.s  were  c.Nanuned  hv 
scanning  electron  microscopy  (.SEiM)  with,  an  energy- 
dispersive  .\-ray  spectrometry  (EDX,Si  attaelnnent.  The 
Zn  •  Pli  crystal  layers  were  scraped  from  the  steel  surfaces 
to  study  the  phase  compositions.  They  were  then  ground 
to  a  size  of  325  mesh  (0.044  mm)  for  X-ray  powder 
diffraction  (XRD).  Mea.siircmcnt.s  of  corrosion  were 
made  in  an  EG&G  Princeton  Applied  Re.scarch  model 
362-1  corrosion  measurement  sy,stcm.  Tl'ie  specimen 
was  mounted  in  a  holder  and  then  inserted  into  tin 
EG&G  model  K47  electrochemical  cell  The  tc.st.s  were 
conducted  in  an  aerated  0.5  M  NuC!  solution  at  25 
TJ.  and  the  exposed  surface  area  of  the  specimens  wu.s 
f.ll  cm2  The  cathodic  polarization  eurvc.s  were  deter¬ 
mined  at  ;i  scan  nitc  of  l).5  mV  s  '  in  the  potentitii 
range  from  —  l.'2  to  —0.2  V. 

3.  Ifesulfs  and  disciissiiin 

.11.  CiKtunj^  layers  formed  ut  the  initial  [icriods  of 
Zn  ■  I'll  eonversion  process 

I'u  investigate  the  effect  ofC’o-’,  Ni'' "  and  p(A/\) 
arltlllives  on  the  prumotiou  of  crystal  growth  at  llic 


initial  .stage  of  Zn  Ph  precipitation,  the  steel  samples 
were  immersed  for  only  5  mm  and  the  conversion 
products  e.vplored  using  XPS  and  SEM  ED.XS.  Table 
I  summarizes  the  XPS  datti  on  changes  in  the  clement, »i 
composition  of  the  sample  surface  us  a  function  ot  liie 
Co( NOi); ■  f)H-0-to-Ni(NO v); 'dH^O  ratio.  For  ,ii!  the 
stimples.  the  principal  element  occupying  tlic  outermost 
surface  sites  was  oxygen,  in  the  concentration  range 
43-55  at.%1,  and  the  second  predominant  element  was 
carbon,  corresponding  to  the  hydrocarbon  in  p(A/\) 
chemisorbed  and  diffused  on  the  conversion  product 
surfaces.  By  comptirison  with  the  elemental  composition 
of  the  control  sample,  denoted  as  the  0-to-()  ratio,  the 
cobalt-modified  sample  (lOO-to-O  ratio)  was  character¬ 
ized  by  a  conspicuous  increase  in  the  concentration  t)f 
zinc  ;md  ohosphorus  atoms,  with  a  concomitant  re¬ 
duction  in  the  content  of  iron  atoms  which  is  repre¬ 
sentative  of  both  the  steel  suOstrate  and  the  iron-based 
conversion  products.  Since  zinc  and  phosphorus  atoms 
directly  reflect  the  precipitation  of  Zn-Fh  on  t!ie  stcci. 
we  believe  that  the  Co'*  ions  dissolved  in  the  pnos- 
phating  solution  promote  the  precipitation  of  Zn-Ph 
crystals.  The  data  further  indicated  that  the  zinc  and 
phosphorus  concentrations  tend  to  decrea.se  gradually 
as  the  cobalt-to-nickel  ratio  was  lowered.  In  contrast, 
the  iron  concentration  increases  with  decreasing  cobalt- 
to-nickel  ratio.  The  chemical  states  and  compounds  in 
the  conversion  product.s  of  these  samples  were  identihed 
from  the  deconvoluted  curve  of  the  high  resolution 
•XPS  spcctrti  of  C  Is.  Ni  2p.  P  2p  and  Fc  2p-„--  signals. 
I'o  .set  a  scale  in  all  the  .XPS  spectra,  the  binding  energy 
(BE)  was  calibrated  with  the  C  Is  of  the  principal 
hydrocarhon-type  ctiriion  peak  h.ved  at  2S5.0  oV  as  an 
internal  reference  standard.  The  rc.sulting  spectra  are 
shown  in  Figs.  I  and  2.  Curves  a.  b.  c,  d  and  c  correspond 
to  .samples  with  cobalt-to-nickel  ratios  of  0  to  0.  It)i) 
to  1),  5(1  to  5(1,  25  to  75  and  0  to  UK)  respectively.  In 
the  C  Is  region.s  (.sec  Fig.  I).  the  spectrum  of  the 
control  sample  (curve  a)  reveals  (he  three  resolvable 
Gaussian  components  at  BE  of  2S5.I),  288.1  and  2.S8.S’ 
eV.  The  mam  peak  at  285.0  cV  as  a  principal  comf^wnent 
is  attributable  to  the  hydrocarboas  in  the  main  chain 


T.AttLE  t.  Surl'acc  chemical  cumpdsiliun.s  ol' iinmudilicU  and  uf 
cal'all-  and  mclicl-iiKKlilicd  convcrMuii  coaung.s  at  ilic  hccirminn 
of  prccipiliilion  <if  Zn-I’h 
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Fig.  1.  Xr.S  hiah  rcsolutinn  spccira  in  C  Is  and  Ni  2pi/‘  regions 
tor  ,i  coniml  ';an\ptc:  (curve  a)  .ind  modiliod  Zo  ■  l^h  conversion 
coalings,  with  various  cnhail-io-nickel  riilios  (curve  b.  I()()  to  O; 
curve  c.  .‘ill  CO  50;  curve  d.  25  to  75:  curve  e.  tl  lo  1<WI). 
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b.  Kill  lo  0;  curve  c,  51)  !o  51)',  curve  d,  25  lo  75;  curve  c,  (I  lo 
l(U)). 


of  p(AA),  The  peak  emerging;  at  2S8,I  cV  in  a  high 
BE  area  can  he  a.scribccl  to  the  carbon  in  the 
-COO  -Zn-"-  OOC-  salt  eomplo.c  ftirniiilion  (3,  5|. 
and  2H(S,9  eV  is  due  to  carbon  origin.-iting  front  tlic 
carbo.sylic  ucid,  COOfl,  in  the  p(/\A)  ((i|.  The  speetrtt 
for  all  of  the  aib;iH-  and  iliekel-iiieorportilcd  Zn-l’li 
samples  show  a  slight  shift  in  the  still  eoniplc.x-reltited 
peak  to  a  higher  BE  site  aimpared  to  tiuit  of  the 
eoiitrol.  The  assignments  of  the  shifted  peak  ;it  2S8.4 
eV  appear  to  he  due  to  the  Co--  iiiid  Ni-( )()(,'  salt 
eomple.xcs.  In  fact,  the  O  Is  core  level  (not  shown) 


0  1 

.had  a  ,strong  peak  at  531.4  cV.  whieli  was  ascribed  to 
the  formation  of  C(.)0-metal  comple.xes.  This  linuing 
strongly  suggested  that  the  fiinctiontil  C(^OH  groups 
in  the  p(AA)  prefeicntially  read  \viih  the  cobalt  ;iiui 
nickel  ion.s  to  precipitate  the  s.ali  complex,  rather  tiiaa 
reacting  with  the  zinc  ions.  The  data  were  tariiier 
supported  by  comparisons  of  the  peak  area  ratio  bcpveen 
C(COO-Co  and  COO-Ni)  at  288.4  eV  and  C(-CH,-1 
at  235.0  eV,  The  resulting  ratios  for  the  lOO-to-0,  50- 
to-50,  25-to-75  and  O-to-lOO  samples  were  0.28,  0.2f\ 
0.23  and  0.19  respectively,  thereby  dcmon.strating  th;it 
the  uptake  of  cobalt  by  COOH  groups  is  much  higher 
than  that  of  nickel.  Thus  the  extent  of  reactivity  of 
thc,sc  metal  ions  with  p(AA)  appears  to  be  in  the 
following  order:  cobalt  P-  nickel  zinc.  We  offer  no  inter¬ 
pretation  of  the  Co  2p^,;.  peak  in  the  HE  ranging  trom 
777  to  7(S3  cV.  because  ot  the  inlerlcrenee  oi  the  iron 
Anger  line.  The  Ni  2p..;  region  th'ig.  l.l  lor  the  25-tc- 
75  and  ll-to-lOO  samples  li;is  ;i  syn;mctr(e  signal  peak 
at  856.3  cV  and  a  strong  broad  saiclliie  hand  (shown 
by  arrow  I  and  arrow  2).  According  to  McIntyre  and 
Cook  [7],  thi.s  signal  fe.iiurc  is  associated  with  the  mckel 
in  Ni(OH)2.  In  the  P  2p  core  level  spectra  (sec  Tig. 
2),  the  curve  for  the  control  sample  reveals  only  a 
single  peak  at  133.9  cV,  reflecting  the  phosphorus  in 
the  Zn  Ph  prceipiiatcd  on  the  steel.  The  intensity  of 
thi.s  peak  markedly  increased  tis  the  control  solution 
was  modified  by  Co’ "  ions.  .Since  such  an  intense  pe;ik 
represents  tlic  deposition  ot  a  large  amount  ot  Zn^  I’h. 
it  i.s  clear  that  cobalt  ions  have  a  signilicani  eliect  on 
the  aeccicralion  of  crystal  growth  anti  precipitation.  A 
ptsssiblc  interpretation  for  ihis  ;ieeelcr;iiii)n.  taking  into 
account  the  data  from  C  Is  speetra,  is  tinit  the  pret- 
ercniial  uptake  of  Co"‘  ions  by  the  p(.AAl  niaero- 
muleeulc.  ratlier  than  Zn*  ions,  leads  U)  numerous 
free  zinc  ions  in  the  phosphate  solutions.  Hence,  the 
role  that  Zn-p(AA)  complexed  formations  play  in  coii- 
Irulling  a  crystal  growth  and  in  .irraying  a  dense  mi- 
crosiructurc  of  fine  Zri'Ph  crystals  i.s  inhibited  by  the 
formation  of  Co-p(AA)  sail  complexes.  For  the  samples 
(see  P  2p,  curve  d)  in  which  more  than  half  the  eobaii 
ions  were  replaced  by  nickel  ions,  the  signal  feature 
indicated  the  tippcarance  of  a  new  component  at  a  low 
13E  site  of  133.2  cV,  although  the  principal  line  i.d 
pho.sphoru.s  in  Za  •  Ph  is  still  present.  The  further  growth 
of  this  new  peak  was  observed  in  curve  e  in  which  the 
cobalt  ions  were  completely  replaced  by  nickel  ions. 
To  aseertaiii  the  as.signmcnt  of  thi.s  additional  line,  we 
mvestigatod  the  I'e  2pw:  region  (lag.  2).  Tlie  peak  ;a 
the  pnsiiioii  nf  71  1.2  oV  In  the  eonirol  is  rclcrtihle  lo 
the  iron  in  the  iron  oxide.  IT-kJ,,  forming  on  Ihe  mr 
surface  of  the  steel  (8|.  By  eomparisnn.  the  I'e  2p  . 
curve  of  the  colialt-modilied  I0()-to-l)  ratio  stimple  is 
dislinetive,  namely  an  adilitional  weak  line  .'it  7(1')  uV. 
separate  from  the  main  line,  appciirs  in  the  spceiruin. 
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The  iiucnsitv  ihis  new  line  dramuticLidy  increases 
in  pritportion  lo  the  amouni  ot  nickel  present.  The 
growing  new  peak  ut  71)4. h  eV  lor  samples  with  ;i  25- 
to-7.^  and  t)-to-  UK)  ratio  eventually  hceomc  the  principtil 
line.  Ineontrast,  the  line  mteinsiiy  at  71 1 .2 eV, originating 
(rom  the  iron  in  FeJO^,  which  is  the  mtiin  o.xidized 
component  of  steel  surftices,  is  significantly  reduced  as 
the  eob;ilt-to-nickel  ratio  decreases.  In  conjunction  with 
an  additional  line  at  133.2  cV  in  the  P  2p  region,  we 
believe  that  the  new  peak  emerging  at  709.9  eV  dirc'ctly 
reflects  the  formtition  of  iron  phosphate.s.  From  these 
datti.  it  i.s  reasonable  to  assume  that  incorporating 
nickel  ions  into  the  p( AA)-modified  zinc  phosphate 
.solution  promotes  the  r;itc  of  conversion  into  the  iron 
phosphiitcs  precipitttting  rtn  the  Fe  .0,i  htyers.  However, 
the  precise  phase  of  the  precipitated  iron  phosphate 
enntpounds  is  unclear. 

Figure  3  shows  SE.Vl  micrographs  coupled  with  ED.XS 
spectra  for  the  erysttilline  Zn  ■  Ph  mierostructure  de¬ 
posited  on  steel  .substrates  .after  immersion  for  5  min 
in  control  solutions,  and  in  eobalt-modihed  zinc  phos- 
ph.ate  solutions  at  81)  “C.  At  the  start  of  Zn  ■  Ph  crystal 
growth,  a  standard  Zn  Ph  coating  (Fig.  3(A)),  made 
with  the  unmodified  solution,  was  characterized  by  an 
irregular  precipitation  of  rectangular-shaped  plate  crys- 
ttils  on  the  FcjO,  surfaces.  As  expected,  the  crystal 
morphology  of  conversion  coatings  derived  from  cobalt- 
modified  solution  can  be  diserimintited  from  that  of 
the  standard  coatings;  in  the  former  (see  Fig.  .3(B)), 
wo  observed  the  precipittition  of  large  well-formed  plate¬ 
like  crystals  over  20  /am  in  size.  This  change  was  due 
to  the  elfeet  of  cobalt  ions  causing  an  increase  in  the 
rate  of  the  Zn  ■  l^h  crystal  growth  and  development. 
Tlie  particular  miero.strnetur;il  letiture  ot  the  niekd- 
systcm-<,lerived  et)nver.sion  coatings  was  a  dense  mor¬ 
phology  with  wirle  plate  crystals  coexisting  with  small 
block-type  crystals  (Fig.  4).  Tlte  EHXS  speetriim  for 
tiie  large  erysttils  (mtirked  i)  is  mdiciitive  of  the  for¬ 
mation  of  Zn  Ph  containing  a  large  amount  of  iron 
;md  a  small  amount  of  nickel.  Loetition  2,  which  is 
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identical  with  an  area  not  covered  by  ervstais,  was  also 
Inspected  using  ED.XS.  As  is  evident  from  the  speetninr 
that  contains  a  strong  iron  signal  and  wetik  p'nosphurus 
signal,  the  areas  not  covered  with  Zn-Ph  deposits  are 
composed  of  an  timorphous  iron-rich  phospnaie  com¬ 
pound  superimposed  on  the  Fe.O-,  layers.  No  nickel 
w'as  found  in  area  2.  These  results  from  the  microprobe 
were  in  good  agreement  with  the  XPS  analyses. 

Figure  5  presents  typical  cathodic  polarization  euA'es 
of  the  logarithm  of  current  density  i.’S.  potential  for 
the  control  stimple  and  the  lUO-to-d.  50-to-5(J  and  n- 
to-lOO  rtitio  samples  in  an  aerated  0.5  M  NaCl  solution. 
By  comparison  with  the  curve  for  the  control,  the 
striking  ehartieteristics  of  the  cathodic  cun'cs  for  all 
the  eobiilt-  and  nickel-modified  Zn  ■  Ph  samples  are  :'is 
follows:  (I )  a  considerable  reduction  in  current  densiie 
in  the  poientuil  region  between  -0.95  and  -0.80 
and  t2)  a  large  shift  in  to  Ic.ss  negtitive  poienM:;i''. 

With  reference  to  ehtiraeicri.siie  (I).  the  indication 
of  low  current  density  is  tiitrihutcd  to  ;m  iniiibiiion  m 
the  cathodic  reaction,  particularly  the  oxygen  reduction 
reaction,'  H;0-l-fO;-i-2e  “  =20H“.  Titus  such  a  re¬ 
action  appears  to  be  inhibited  by  incorporating  the 
cobalt-  and  nickcl-comple.xcd  p(AA)  niacromolecule 
and  cobalt  and  nickel  hydroxides  into  the  Zn  ■  Ph  layers. 
The  possible  interpretation  for  this  cathodic  inhibition 
mechani.sm  is  that,  when  the  p(AA)  salt  complexes 
containing  -COO  “OOC- groups  (MsCo  and 

Ni)  and  M(OH)-  in  the  conversion  coatings  come  ir. 
contact  with  the  NaCI  solution,  the  sodium  ions  promote 
the  breakage  of  the  M-OOC  bonds.  The  breakage  could 
be  associated  with  an  ion  substitution  r)f  .3f  for  .Na 
Flence  the  free  transition  M'“  ions  isolated  from  the 
orgtinic  complex  structure  and  dissr)eiaicd  bv  the  h\- 
drolysis  of  M  hydrrr.xide  compounds  in  NaCI  solution 
virtually  stay  in  the  crystal  layers.  Simultaneouslv.  the 
anodic  reaction  Fe'’  — 2c  — 'Fc-'".  winch  is  directly  re¬ 
lated  to  the  corrosion  of  steel,  may  occur  at  tile 
Zn  Ph-stcel  interlaces.  On  the  assumption  that  this 
reaction  process  is  correct,  the  electrons  2c  generated 
by  the  anodic  reaction  of  iron  in  the  .steel  will  then 
prcl'crcntiidly  react  with  the  .VI'*  ions.  This  rctiction 
can  be  described  as  the  eieetron-irapping  reaction  |9| 
M'^-l-de  =  M”.  We  believe  that  such  an  elceiron- 
trapping  behavior  of  Co' *  and  Ni- '  ions  eontrihiitcs 
to  the  extciulcd  lifetimes  of  Zn  Ph.  which  serves  as  :i 
corrosion  barrier  for  the  steel.  The  curves  also  indicate-J 
that  the  etfeet  of  Co' '  on  napping  aein  iiy  is  higher 
lliaii  that  of  Ni'  ■  . 

( 'haraeterisiie  (2)  direeltv  relleeis  ihe  degree  ol  co-, - 
ei  age  ol  conversion  coatings  on  the  entire  steel  sni  face, 
namely  a  good  coverage  providing  a  eoniiniuuis  non- 
(Mirous  coating  eorre.sponds  to  the  value  at  a  less 
negative  site.  Flic  eonseipient  values  for  the  eontrol. 
t()t)-io-t),  .8f  l-to-5t)  and  (1-  to- 1  Ot)  samples  were  - 1 !,(>()  V  . 
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Fig.  6.  XRD  paucrns  lor  conversion  coalings  ilcrived  from 
unmiKliticcl  and  from  cobalt-  and  iiickcl-modilicd  zinc  pliosphalc 
solulions. 

—  0.57  V.  —0.55  V  and  —0.53  V  respectively.  Con¬ 
sequently,  the  most  eflcetivc  coverage  o(  conversion 
coatings,  which  provitte  corrosion  protection  of  steel, 
seem  to  he  those  prepared  with  nickel-modified  phos¬ 
phate  soluiion.s.  This  finding  strongly  suggest  that  good 
prtilection  pcriormance  of  conversion  aniting  systems 
IS  due  to  two  important  factors;  (1)  a  high  degree  ol 


coverage  by  packed  crystal  layers  consisting  of  large 
and  tine  crystal  particles  and  (2)  the  formation  of 
amorphous  iron-rich  phosphaie  compounds  in  ihe  vi- 
cinitv  of  FC/0.,. 

5.2,  Clouting  layers  fanned  tn  the  lemunul  itiigrs  ot  me 
canverston  process 

Figure  6  illustrates  the  XRD  phase  compositions  la' 
crystalline  conversion  coatings  prepared  by  immersing 
the  steel  for  20  min  in  the  unmodified  and  modified 
phosphate  solutions  at  SO  “C.  Only  two  crystal  phases 
were  distinguishable:  zinc  orthophosphate  dihydratc 
(Zn-,(P04); -21520)  and  hopeite  (ZiiTPO^)-,- hH-O).  In¬ 
terestingly,  the  daia  showed  that  the  proportions  of 
single  Zn^PO^);- 2H3O  formation  derived  from  the 
control  solution  .system  (cobult-io-nickcl  ratio.  O-io-O) 
tend  to  be  repkiccd  by  hopcitc  formation  a.s  the  of/halt- 
to-nickcl  ratio  was  decreased,  in  fact,  the  major  pnasc 
for  the  mckcl-systcm-dcnved  conversion  coating  (d-to- 
100  ratio)  was  identical  with  hopeite.  The  microstruc- 
tunil  view  of  wclI-convcrtcd  crystal  compounds  for  the 
nickel-modified  Zn  Ph  disclosed  an  interlocking  to¬ 
pography  of  growing  crystals  which  uniformly  covered 
the  steel  surfaces  (Fig.  7).  The  feature  of  EDXS  spec¬ 
trum  foi  a  part  of  the  crystal  denoted  as  site  3  was 
almost  the  same  as  that  of  the  crystals  (see  spectrum 
for  site  1  in  Fig.  4)  formed  at  the  beginning  of  the 
conversion  process.  All  the  findings  were  correlated 
directly  with  the  evaluation  of  value  for  ihe  con¬ 
version  coalings  deposited  on  the  steels  after  immersion 
lor  10  min  and  20  min  respectively.  The  variation  hi 
ol  the  samples  as  a  function  of  cohail-to- nickel 
ratio  is  given  in  Fig.  8.  The  data  clearly  show  that  /:  .,.,r 
increa.scs  with  a  decreasing  r.iiio  ol  cobalt  to  nickel. 
This  linding  suggested  that  Ihe  degree  of  coverage  by 
Zn  ■  Ph  derived  from  nickei-incorporated  phosphate  so- 
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lulion  is  liiglicr  ih;m  thiit  (rom  coluilt-incorporaied 
soluuon.  Al.so  un  imnicrsKin  time  of  HO  min  rntlier  ih;m 
of  10  min  leads  to  a  belter  eoverage  of  the  eoatings. 


4.  Conclusions 

Tlie  advanced  Zn  Ph  conversion  coatings  can  be 
prepared  by  immersing  the  steel  in  the  Co’  and  Ni’ "  - 
ion-incorporated  p(AA)'zinc  phosphate  solution  sys¬ 
tems.  The  formation  of  M’*  (MsCo  and  Ni)-p(A.A) 
salt  cotnple.se.s  containing  -COO  ‘  OOC- 

groups  played  an  important  role  in  accelerating  and 
promoting  the  growth  and  development  of  Zn  •  Ph  crystal 
layers  over  the  steci’and  al.so  introduced  the  amtrrphoii.s 
iron-nch  phosphate  conversion  hiycrs  in  the  vicinity  of 
Fo.Oi  substrates.  The  electron-trapping  behavior  of  i(ie 
M"  ■  ion.s  dissoeiated  from  the  complex  formations  and 
M  hydro.xides  in  the  NaCI  solution  inhibited  the  cathodic 
reaction.  In  the  final  stages  of  the  conversion  procc.ss, 
the  crystal  pha.se  of  nickel-systcm-dcrivcd  conversion 
coatings  consisted  of  hopcitc  (Zni(P().,)- ■  4H.O)  as  the 


major  component  and  zinc  orthophosphate  dihydrate 
(Zni(POj);;'2H,.0)  as  the  minor  component.  The  uni¬ 
form  coverage  of  hopeitc-ZndPO.,):  ■  2H-()  interlocked 
cry.stals  over  the  steel  may  result  in  a  reduction  in  ihe 
rate  of  corrosion. 
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SYNOPSIS 

To  etihanc-e  the  pertormanc-e  ol'  hirth  temperature  polyphenylene  sulfide  l  PPS)  coacinj'  in 
protect  inti  .steels  from  corrosion,  the  cthd  -  rolled  steel  surfaces  were  prepared  with  anhydrous 
zinc  phosphate  ( Zn  ■  Ph )  conversion  coatings  containing  poly  1  acid  1  anhydride  as  an  inter- 
facial  tailoring  material.  The  factors  contributing  to  the  formation  of  a  good  bond  at  the 
PPS/Zn'  Ph  joints  were  as  follows:  I  I  I  the  chemical  reaction  of  PPS  with  PejO^  in  the 
Zn  ■  Ph  layers.  (2)  PPS-to-poly(  acid )  anhydride  interaction,  and  Id)  the  mechanical  in¬ 
terlocking  between  PPS  and  the  rough  Zn  -  Ph  crystal  surfaces.  Although  such  inierfacial 
bond  structures  provide  a  superior  duratiilicy  of  PPS/Zn  -  Ph  Joints  against  a  hot  H-iSO, 
solution,  the  cathodic  reaction.  H^O  +  LOj  +  2e '  =  20H  ,  occurring  at  any  defect  in  the 
PPS/Zn-  Ph  joint  system  when  NaCl  is  present  will  lead  to  the  delamination  of  the  PPS 
film  from  the  phosphated  steel.  This  cathodic  deiaminatiun  was  due  mainly  to  alkali-induced 
dissolution  of  Zn  -  Ph  layers.  However,  l  he  rate  of  delamination  for  the  PPS/Zn  -  Ph  systems 
was  considerably  lower  enmpared  with  that  for  the  PPS /steel  system  in  the  absence  of 
Zn  -  Ph. 


INTRODUCTION 

In  our  recent  studies  on  the  interfacial  bonding  be¬ 
tween  polyphenylene  sulfide  (PPS)  coatings  and 
metal  substrates,  such  as  cold-rolled,  stainless,  and 
galvanized  .steels,  we  I'ound  that  the  degree  of  bond 
strength  of  PPS-to-metal  joints  depended  primarily 
on  the  species  of  sulfur- related  interfacial  reaction 
products  generated  by  the  gas-solid  chemical  reac¬ 
tion  between  the  metal  oxides  present  at  the  out 
ermosi  surface  site  of  substrates  and  the  SO-,  and 
•SO;,  gases  emitted  from  FP.S  at  a  high  temperature 
of  The  order  of  i.hese  reaction  com[)ounds, 

which  |>liiy  an  imfjortatii  role  in  (.ieveloping  bond 
strength,  was  Pejl  SO.,  >  I'eSf),  Fe-S.  Ihiwever. 
although  such  .S-relaled  iron  read  ion  coiniioiinils 
signilicantly  improved  bond  strength,  it  is  -A-ell 


t'n  whi>in  <'cirri’stn>iiij|'iK-4’  sfjnulil  hr  .Hliirf’o.ni 
!•"  irii.il  \rrlii-iM  h  i|  .'Hii-r  Si  Ii-Ih  I  v  •'!  I  i  '  "tM  I  |  i  i  ■  i*  I' ) 

'  I  ■  l'>'J  I'  III  II  lii  ',  Ni  II  IS  £  III  1  I  '(  I  HI  '  I  ><'  |||  1  I ,  I  ,  I  I  I  s.|  I  I  I  in 


known  '  '  that  these  compounds  commonly  act  to 
promote  the  corrosion  rate  of  steels.  To  avoid  the 
direct  contact  of  PPS  with  .steel,  we  also  investigated 
the  effectiveness  of  zinc  phosphate  (Zn  -  Ph )  con¬ 
version  coatings,  deposited  on  the  steel  surfaces,  in 
decreasing  the  cathodic  delamination  rate  of  PPS 
Him  from  the  zinc-phosphated  steels. '  The  cathodic 
reaction,  in  terms  of  the  oxygen  reduction  reaction 
occurring  at  the  corrosion  sites  of  steel  in  a  near 
neutral  aqueou.s  environment,  is  H  .O  -t-  1  Oj  2e ' 
=  2()H  .  The  large  number  of  hydroxyl  ions  gen¬ 
erated  by  this  cathodic  reaction  creates  a  high  pH 
environment  underneath  ihe  PPS  Uiyer.s.  The  attack 
of  alkali  solution  on  ihe  cry.sralline  Zn  •  Ph  coaling 
layer  frec(iiently  causes  its  ili.s.suliu iuu.  ilierem-  ri-- 
siilting  m  a  high  rate  o(  delamiiitii  loti  of  the  PPS 
lilm.  Our  |)revious  iiivesi  igai um  suggesied  iliar  i  lie 
,-in liydnuis  o'-Zn-,  (  PO ,  )  pha.se  <!eri\'ed  1  ruin  1  liernui! 
dehvdraiion  of  (he  urigiii.-d  Zn  ■  Ph  hvdrate  phase 
has  a  low  siisce|)t ibil ity  lo  alk.ili-caralyzed  dissolu¬ 
tion." 
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Accordingly,  the  emphasis  of  this  article  was  di¬ 
rected  toward  obtaining  a  better  understanding  and 
visualization  of  the  chemical  changes  at  the  PPS- 
to-(v  phase  interfacial  contact  zones,  which  are  im¬ 
portant  in  improving  the  durability  of  adhesive  bond 
and  reducing  the  rate  of  cathodic  delamination  of 
PPS  film.  For  comparison,  the  interface  of  PPS-to- 
cold-rolled  steel  was  also  explored. 


EXPERIMENTAL 

Materials 

The  metal  substrate  used  was  AlSl  1010  cold-rolled 
steel  containing  0.08-0. 13  wt  ?fi  C.  0.3-0. 6  wt  %  Mn, 
0.04  wt  %  P,  and  O.O.S  wt  %  S.  The  formulation  of 
the  zinc  phosphate  liquid  was  1.3  wt  %  zinc  ortho¬ 
phosphate  dihydrate  [Zn:i(  P()4)j  ■  2H.jO  | ,  2.6  wt  % 
H  jPOj,  2.0  wt  %  [25%  polyi  acrylic  lacid,  p(  AA)  J , 
1.0  wt  %  Ni  (  NOn  )•>  •  6H>0,  and  93.1  wt  %  water. 
The  average  molecular  weight  of  p(AA)  polyelec¬ 
trolyte,  supplied  by  Rohm  and  Hass  Company,  was 
^  60,000. 

In  preparing  the  zinc  phosphate  (Zn-  Ph)  sam¬ 
ples,  the  steel  surfaces  were  wiped  with  acetone- 
■soaked  tissues  to  remove  any  surface  contamination 
from  mill  oil.  The  steel  then  was  immersed  for  up 
to  20  min  in  the  Zn-Ph  conversion  solutions  at  a 
temperature  of  80“C.  Finally,  the  deposited  Zn  ■  Ph 
layers  were  haked  in  an  oven  at  3,50°C  for  2  h  to 
prepare  the  anhydrous  Zn  •  Ph  layers. 

PPS  powder  for  the  slurry  coating  was  supplied 
by  the  Phillips  66  Company.  The  as-received  PPS 
was  a  finely  divided,  tan  powder  having  a  high  melt 
How  with  a  melting  point  of  ‘288'^C.  The  PPS  film 
was  deposited  on  the  surfaces  of  the  cold-rolled  steel 
and  Zn  •  Ph-treated  steel  substrate  in  the  following 
way.  First,  the  substrates  were  dipped  into  a  PPS 
slurry  consisting  of  45  wt  %  PPS  and  55  wt  %  iso- 
propylalcohol  at  25‘’C.  Then,  the  slurry-coated  sub¬ 
strates  were  preheated  in  the  air  at  :!()0°C  for  3  h  to 
trigger  the  fusion  of  the  PPS  powder  and,  at  the 
same  time,  the  volatilization  of  the  isopropylalcohol 
liquid  phase.  To  assemble  the  crosslinked  and  ex¬ 
tended  macrumolecular  structures,  the  fused  PPS 
was  finally  heated  in  air  al  .'l-hfCC!  for  2  h. 

Measurements 

The  cliemical  c<impositions  and  stales  [iresent  on  a 
bond  failure  site  at  the  interfac.-es  of  I’PS/subst  rale 


joint  systems  were  explored  using  X-ray  photoelec¬ 
tron  spectroscopy  (XPS),  scanning  electron  mi¬ 
croscopy  (SEM),  and  energy-dispersion  X-ray 
spectrometry  (EDX).  The  XPS  used  was  a  V.G. 
Scientific  ESCA  3MK  11.  The  excitation  radiation 
was  provided  by  an  Al  Ka  (  L486.6  eV)  X-ray  .source, 
operated  at  a  constant  power  of  200  W.  The  vacuum 
in  the  analyzer  chamber  of  the  instrument  was 
maintained  at  10*^  Torr.  The  atomic  concentrations 
and  ratios  for  the  respective  chemical  elements  were 
determined  by  comparing  the  XPS  peak  areas,  which 
were  obtained  from  the  differential  cross-sections 
for  core- level  excitation.  To  set  a  scale  in  all  the 
high-resolution  XPS  spectra,  the  binding  peak  was 
fixed  at  285.0  eV  as  an  internal  reference.  .A  curve- 
deconvolution  technique  was  employed  to  find  the 
individual  chemical  states  from  the  high -resolution 
spectra  of  each  element.  .Ail  measurements  were 
made  at  an  electron  take-otf  angle  of  38°,  which  cor¬ 
responds  to  an  analysis  depth  of  5=  5  nm.  EDX  is 
extremely  useful  for  the  quantitative  analysis  of  any 
elements  that  exist  on  a  .surface  solid  layer  up  to  ^ 
2  ;.tm  in  thickness. 

The  cathodic  delamination  tests  for  the  PPS- 
coated  anhydrous  Zn  •  Ph  specimens  were  conducted 
in  an  air-covered  l.OAf  NaCl  solution  using  an  ap¬ 
plied  potential  of  —  L.5  V  vs.  SCE  for  up  to  8  day.s 
(see  Fig.  U.  Thickness  of  Zn  ■  Ph  layer  deposited 
on  the  steel  substrates  with  the  100  X  100  mm  square 
area  was  determined  to  be  approximately  30  us¬ 
ing  a  surface  profile  measuring  system.  PPS  thick¬ 
ness  overlaid  on  the  Zn  ■  Ph  was  approximately  2 
mil.  The  total  area  of  film  chat  comes  into  contact 
with  Nat^l  solution  was  6.0  X  10  '  mm‘.  A  defect  was 
made  using  a  1-mm  diameter  drill  hit.  After  expo¬ 
sure.  specimens  were  removed  from  the  cell  and  al¬ 
lowed  to  dry.  The  PPS  coating  was  removed  by  cut¬ 
ting,  revealing  a  delaminated  region  that  appeared 
as  a  light  gray  area  adjacent  to  the  defect. 

To  evaluate  the  durability  of  the  PPS  ./substrate 
interfacial  bond,  the  lap-shear  tensile  strength  of 
substrate-to-suhstrate  PPS  adhesive  specimens  was 
determined  after  exposure  to  HjSO,  solution  (pH 
^  3  )  containing  0. 1  M  NaCl  for  up  to  8  days  at  80“('. 
The  lap-shear  tensile  strength  was  estimated  in  ac¬ 
cordance  with  the  modified  ASTM  Method  D-1002. 
Bel'ore  overlapping  the  suhsrrote  strips,  (  .50  itiin  long 
and  1.5  inm  widel,  the  10  \  1.5  mm  lap  area  was 
I'Oiiied  wiih  PI’S  adhesive.  The  rlucknes.s  oi'  ihe 
overlupiied  PPS  lilm  ranged  from  1  -.3  mil.  I'lie  iiond 
strength  of  the  lap-shear  specimens  is  i  he  maxmuim 
load  at  failure  divided  liy  the  local  bonding  area  <il 
1 .50  mm" . 
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Figure  1  Schematic  diafjram  ot  cathodic  delamination  test. 


RESULTS  AND  DISCUSSION 

Cathodic  Delamination 

As  discussed  in  the  introduction,  it  is  very  important 
to  identify  the  species  of  phase  present  In  the  an¬ 
hydrous  Zn-Ph  layers  that  greatly  influence  the 
vulnerability  to  alkali  attack.  The  degree  of  alkali 
dissolution  of  the  «-Zn:((  PO.i  ).j  phase  was  consid¬ 
erably  lower  than  that  of  the  7  phase,  To  ascertain 
whether  the  dehydration  phase  of  Zn  ■  Ph  derived 
from  this  zinc  phosphate  solution  is  o-pha.se.  the 
Zn  -  Ph  crystal  layers  were  scraped  from  the  .steel 
surfaces  before  and  after  thermal  dehydration  at 
350“C  in  the  air  and  then  ground  to  a  size  of  .125 
mesh  (0.044  mm)  for  X-ray  powder  diffrac¬ 
tion  ( XRD ) . 

Figure  2  illustrates  two  XRD  tracings:  the  original 
Zn '  Ph,  denoted  as  sample  a,  and  the  anhydrous 
Zn'  Ph  (sample  i))  prepared  by  heating  the  original 
sample  at  R.^O’C.  Two  hydrous  crystal  phases 
■were  distinguishable  in  the  original  Zn  ■  Ph 
layers,  namely,  zinc  orthophosphate  dihydrate 
( Zn  d  POi  )•.  •  2H..O  I  present  as  the  major  component 
and  hopeite  [Zn-dPO,),. -41^-01  as  the  minor  one. 
The  predominatingpha.se  of  the  anhydrous  samples 
is  identical  to  tr-Zn-,!  POi  )■.,  and  7-Zn  ;(  PO,  is 
pre.seiit  as  a  secondary  phase.  This  re.sult.  was  in 
agreement  with  that  oiii.uined  in  our  previous  iu- 
vestigation,"  that  is,  Zn,(  POi)._.  ■  2H.^O  wa.s  (-(jn- 
verted  into  t  he  (r-Zn.d  POi  I .  (ihuse  during  flehydru- 
tion  and  t  he  Zti:,!  PO, )  ■  4H..O  — ►  y-'/n  d  IH), ) .  phase 


transition  is  favored.  Hence,  we  can  predict  that  the 
anhydrous  Zn  ■  Ph  layers  prepared  in  this  study  will 
have  a  minimum  rate  of  alkali  dissolution. 

Figure  '3  shows  the  delaminated  area  of  PPS  film 
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Figure  2  XKI')  i racings  tor  lal  ihe  original  /ai'  Hli 
s.'iniples  .•nut  1 1)  1  i  lie  itoO''< '  ileliydraieH  Zn  •  Pli  sitiu|)les. 
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TIME,  days 


Figure  3  Cathodic  delaminacion  ol'  PPS  Him  I'rom  steel 
and  Zn  -  Ph-deposited  steel  substrates  in  1.0. W  NaCl. 


from  the  substrates  after  up  to  8  days  of  cathodic 
testing.  For  PPS /steel  joint  systems  in  the  absence 
of  Zn'  Ph,  the  resulting  curve  indicate.s  that  there 
is  a  significantly  large  area  of  delammatinn  of  PPS 
after  only  L  day's  exposure.  Further  exposure  up  to 
8  days  resulted  in  an  extensive  de lamination  of  B 
X  LO'  mm".  The  rate  of  delamination  of  this  PPS/ 
steel  system  was  considerably  reduced  when  Zn  •  Ph 
was  deposited  onto  the  steel  surfaces.  The  value  of 
4  X  10  mm^  for  the  PPS/Zn-  Ph  system  obtained 
after  8  days  was  =  lO"’  times  lower  than  that  of  the 
PPS /steel  system  after  the  .same  exposure.  Why 
.such  a  high  rate  of  delamination  <jccurs  at  the  critical 
interfaciai  zones  of  the  PPS/.steel  systems  is  of  par¬ 
ticular  interest.  To  gain  this  information,  we  ex¬ 
plored  by  XPS  both  cathodically  failed  PPS  and 
steel  interfaces  for  8-day-exposed  PPS /steel  sys¬ 
tems.  For  purposes  of  comparison,  both  failure  sides 
for  the  une.xposed  control  sy.stems  were  inve.stigated. 
The  control  .samples  were  prejiared  bv  i)ulling  I  he 
films  from  the  steel  and  Zn  ■  Ph  substrate  sur 
faces  at  sites  of  tension  failure.  Taide  I  summarize.s 
the  chemical  compositions  of  the  cro.ss-section  sam¬ 
ples  hel'ore  and  after  the  cathodic  experiments.  For 


the  controls,  the  interface  chemistry  of  the  PPS  side 
removed  from  the  steel  substrate  consists  of  3.5% 
S,  42.1%  C,  44.0%  0,  and  10.4%  Fe.  The  .S  element 
refers  to  S  originating  from  the  fundamental  for¬ 
mula,  ( ■  -S-]n,  of  PPS.  The  C  belongs  both  to  car¬ 

bons  in  the  PPS  and  in  the  contaminants.  As  re¬ 
ported  in  our  previous  paper, '  the  Fe  and  0  elements 
remaining  on  the  PPS  side  are  associated  with  the 
interfaciai  reaction  products  formed  by  interaction 
between  the  PPS  coating  and  FejO^  existing  at  the 
outermost  surface  site  of  steels.  No  S  atom  was  found 
on  the  failed  steel  sides.  Thus,  it  appears  that  the 
locus  of  failure  occurs  through  the  reaction  product 
layers  close  to  PPS.  A  striking  difference  from  the 
control  was  observed  in  the  cathodically  delaminated 
samples.  The  differences  are  as  follows:  1  1 )  A  large 
amount  of  Fe  and  O  was  removed  from  the  incer- 
facial  PPS  sides,  while  the  concentrations  of  S  and 
C  were  markedly  increased;  I  2)  a  small  amount  of 
8  remained  on  the  steel  sides;  and  (3)  a  certain 
amount  of  Na  from  the  NaCl  electrolyte  was  de¬ 
tected  on  both  the  delaminated  PPS  and  steel  sides. 
There  was  no  evidence  for  the  presence  of  the  Cl 
atom.  The  first  two  results  show  that  the  cathodic 
reaction.  H.,0  -I-  ^  Ot  "f  '2e "  =  20H",  occurring  at 
the  defect  in  the  PPS  film  leads  to  the  elimination 
of  Fe-related  reaction  products.  Since  the  ionic  re¬ 
action  between  the  OH  “  ions  generated  by  cathodic 
reaction  and  the  Na '  ions  dissociated  from  NaCl 
electrolyte  yields  a  high  concentration  of  NaOH  in 
the  area  of  the  defect,"  it  is  reasonable  to  assume 
that  creation  of  such  an  alkali  environment  at  the 
interfaciai  regions  cause  NaOH-catalyzed  hydrolysis 
of  the  interfaciai  reaction  products.  Thus,  as  a  result 
of  difference  3,  the  detection  of  Na  atom  at  the  de¬ 
laminated  interfaces  could  be  due  to  the  penetration 
of  the  NaOH  solution  through  the  interfaciai  layers. 

To  support  this  hypothesis,  we  inspected  the  high- 
resolution  S_,p  core -level  spectra  of  the  PPS  and  steel 


Table  f  Chemical  Composition  of  Both 
Interfaciai  Failure  Sides  Before  and  After 
Cathodic  Delamination  Tests  for 
PPS/Steel  Joint  Systems 
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Figure  4  S.^,,  core  level  spectra  for  (a)  the  PPS  side 

removed  from  the  steel  before  cathodic  delamination  tests 
and  (h)  the  delaminated  PPS  and  (c)  steel  sides  after 
cathodic  tests. 

interl’acial  sides  of  the  specimens  before  and  after 
cathodic  tests  ( Fig.  4).  The  S-.,,  region  for  the  PPS 
interface  of  the  control  samples  reveals  two  major 
components  at  Iftd.ftand  168.5  eV.  The  former  peak, 
the  principal  component,  is  'attributabJe  to  the  S  in 
the  PPS,  while  the  latter  reflects  the  S  in  the  ferrous 
sulphate  1  FeSO,)  formed  by  the  interfacial  gas-solid 
reaction  between  Fe'>0;i  and  SO.,  and  SO:,  gases 
emitted  from  PPS  in  air  at  a  high  temperature.’  By 
comparison  with  the  control,  the  remarkable  atten¬ 
uation  of  peak  intensity  at  168.6  eV  originating  from 
the  Fe  in  the  FeSO^  reaction  product  can  be  observed 
on  spectrum  (h)  of  the  cathodicaily  delaminated 
PP.S  side.  In  the  spectrum  ( c )  of  the  delaminated 
steel  side,  the  presence  of  weak  line  at  168.5  eV  ver¬ 
ifies  that  a  small  amount  of  intermediate  FeSOi  ad¬ 
hering  to  the  steel  remains  at  the  interfacial  si  eel 
side,  while  there  are  no  signals  for  the  peaks  of  16, '>.8 
eV  Corresponding  to  the  PPS.  Therefore,  the  major 
reason  for  the  more  extreme  cathodic  delamination 
at  FPS/steel  interfaces  was  the  N.iOff-cataiyi^ed 
hydrolysis  of  FeSO,  adjacent  l,o  the  steel  .surfaces. 

Table  il  givesthe  elemenuil  compositions  forboih 
interfacial  failure  side.s  in  (he  PPS/'Zn-Ph  joint 
systems  before  and  after  cathodic  tests  for  8  day.s. 


The  interfacial  PPS  surface  of  control  samples  had 
a  composition  closely  resembling  that  ()f  the  Zn  ■  Ph 
interface  except  that  there  was  no  S  element.  The 
detection  of  a  certain  amount  of  P,  Fe,  and  Zn  on 
the  PPS  interface  demonstrated  that  these  elements 
migrate  from  the  Zn  ■  Ph- covered  steel  substrate  to 
the  coating  sides  during  the  failure  of  the  bond, 
These  results  show  that  there  is  a  good  interfacial 
bond  between  PPS  and  Zn  ■  Ph.  Hence,  failure  must 
occur  through  the  Zn  •  Ph  layer.  In  other  words,  the 
PPS-to-Zn  •  Ph  bond  strength  is  much  greater  than 
that  of  Zn  -  Ph  itself.  A  dramatic  change  in  compo¬ 
sition  can  he  seen  on  both  of  the  cathodicaily  de¬ 
laminated  areas  of  the  interfacial  PPS  and  Zn  ■  Ph 
sides,  namely,  a  remarkable  amount  of  P,  0,  Fe.  and 
Zn  has  vanished  from  the  delaminated  areas,  while 
additional  amounts  of  Na  atom  have  been  incor¬ 
porated  into  the  interfaces.  The  data  also  suggested 
that  the  rate  of  elimination  of  Fe  atom  is  much 
higher  than  that  of  any  other  elements.  The  removal 
of  P  and  Zn  may  be  mainly  due  to  the  dissolution 
of  Zn  -  Ph  layers  caused  by  the  attack  of  alkali  so¬ 
lution  generated  by  the  oxygen  reduction  reaction 
( HjO  -f  5  ©2  +  2e '  =  20H  ■ )  at  the  site  of  the  defect. 
Since  the  evolved  OH"  ions  ionically  react  with  Na  ' 
dissociated  from  NaCl,  the  incorporation  of  Nacan 
he  directly  related  to  the  penetration  of  NaOH 
yielded  by  this  charge  balance  into  the  failure  rones. 
Such  alkali  dissolution  of  the  Zn  -  Ph  layers  is  re¬ 
flected  in  the  increase  in  concentration  of  S  and  C 
atom.s  in  the  PPS.  But  an  important  question  still 
remain.s  to  be  answered.  Why  is  the  rate  of  elimi¬ 
nation  c)f  Fe-reiatedcompounds  considerably  higher 
than  that  of  tlie  Zn  -  Ph?  To  answer  this  question,  we 
inspected  the  high- resolution  P.,,,,  Zn-,,, Feip.,.  -. 
and  S-jp  spectra  of  the  cathodicaily  delaminated  PPS 
side  and  the  PPS  failure  surface  that  was  made  hy 
pulling  the  PPS  film  from  the  Zn  ■  Ph  iiefore  the 


Table  II  Chemical  Composition  of  Both 
Interfacial  Failure  Sides  Before  and  After 
Cathodic  Delamination  Tests  for  PPS/Zn  -  Ph 
Joint  Systems 
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Figure  5  Pj,,  and  regions  lor  (iil  ihe  Intert'acial  PPS  sides  before  cathodic  test 

and  (e)  at  the  caihodically  delaminated  PPS  interface. 


cathodic  tests.  Figure  .5  illustrates  the  resultant  Pjp 
and  Zn.jj,:,,.^  regions  of  these  samples.  The  control 
sample  ( before  cathodic  tests ) ,  denoted  as  d.  had  a 
main  line  at  134,2  eV  for  P^,,  and  at  1023.3  eV  for 
Zn.jp:i/j  spectra,  reflecting  the  P  and  Zn  atoms  in 
Zn  ■  Ph.'*  Peak  features  and  intensity  similar  to  those 
of  the  control  was  observed  in  both  the  Pj,,  and  the 
Zn-,,,.,,.,  region  for  the  sample  i  e )  after  cathodic  tests. 
In  the  Fej„:wj  region  1  Flg.b).  the  control  sample  <dl 


displays  a  strong  signal  emerging  at  the  BE  position 
of  710.7  eV,  corresponding  to  the  formation  of  ferric 
oxide  fFe.iO, ■()  .'"  Since  the  electrochemical  reaction 
between  the  steel  and  Zn  •  Ph  solution  at  an  early 
stage  of  Zn  •  Ph  precipitation  leads  to  the  liberation 
of  the  free  Fe  ions  from  the  .steel  surface.  "  it  is  not 
surprising  that  Fe_.0:i  forms  by  the  oxidation  of  free 
Fe  present  in  the  Zn  •  Ph  layers  during  the 
Zn  I  (  PO.|  ).^  ■  2H.jO  a-Zn  I  (  PO.,  ).j  phase  conversion 
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in  air  at  350°C  before  the  PPS  coating  is  deposited. 
In  fact,  we  observed  color  changes  in  Zn  •  Ph  coating, 
from  a  dark  gray  at  100®C  to  a  light  brown  at  350“C. 
A  striking  decay  in  the  Fej, signal  intensity  was 
observed  from  the  cathodically  delaminated  PPS 
interface  (e)  (the  reason  will  be  discussed  later). 
The  S.jp  region  (Fig.  6)  for  the  control  (d)  reveals 
two  resolvable  components  at  163.7  and  162. 1  eV. 
The  former  peak  is  attributable  to  the  S  in  the  PPS, 
and  the  latter  belongs  to  the  S  in  the  FeS.'"  This 
information  seems  to  suggest  that  the  SOi  gas  emit¬ 
ted  from  the  PPS  in  the  vicinity  of  Zn  •  Ph  layer 
preferentially  reacts  with  FejO:i  in  the  Zn  •  Ph  layers, 
rather  than  the  cv-  and  7-Zn:,  (  POj  ).j  phases.  To  con- 
lirm  that  SOo  was  taken  up  by  Fe-jO-i,  anhydrous 
Zn  •  Ph  coatings  were  e.xpo.sed  in  SO-,;  gases  at  :!5()°C 
I  How  rate  ^  200  cc/mini  for  up  to  120  min.  The 
chemical  compositions  of  the  exposed  coating  sur¬ 
faces  were  investigated  by  XPS,  and  then  the  in¬ 
ternally  generated  P._.p,  S-jp,  Fe-jp,  and  Zn>p.i,._.  peak 
areas  were  used  to  calculate  the  atomic  percent  ra¬ 
tios.  Figure  7  shows  the  variation  in  P/Zn,  S/Zn, 
and  Fe/Zn  ratios  as  a  function  of  exposure  times. 
The  data  indicate  that  the  value  of  the  S/Zn  ratio 
increases  with  longer  exposure  time,  while  the  Fe/ 
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Zn  ratio  value  monotonously  decreases  as  a  function 
of  time.  In  contrast,  the  P/Zn  ratio  does  not  express 
any  changes  in  value  for  the  exposure  period.s  up  to 
120  min.  Thus,  these  data  strongly  support  the  idea 
that  SO2  is  taken  up  by  the  Fe^Oi  present  in  the 
Zn  •  Ph  layers. 

Returning  to  the  S^p  spectrum  in  Figure  6,  the 
drastic  changes  in  spectral  features  occur  as  the  ca¬ 
thodic  reaction  is  initiated  at  the  defect.  In  partic¬ 
ular,  the  S2P  signal  at  the  cathodically  delaminated 
PPS  side  (e)  was  characterized  by  the  appearance 
of  three  new  peaks,  the  most  intense  peak  being  at 
161,4  eV,  with  two  prominent  lines  at  166. o  and 
170.0  eV.  Considering  that  there  is  little  residual  Fe 
atom  at  the  delaminated  PPS  side,  these  new  lines 
do  not  refiecc  the  formation  of  Fe-related  sulfur 
compounds.  However,  since  a  large  amount  of  Na 
remains  r)n  the  delaminated  PPS  interface,  these 
lines  possibly  could  be  assigned  to  the  Na-related 
sulfur  compounds  derived  from  the  cathodic  reac¬ 
tion.  Assuming  that  these  predicted  assignments  are 
correct,  other  authors suggested  that  the  predom¬ 
inating  line  at  161.4  eV  is  due  to  the  S  in  the  sodium 
sulphide  (  Na-jS  )  as  the  major  by-product  of  the  ca¬ 
thodic  reaction;  the  other  lines  at  166.3  and  170.0 
eV  were  ascribed  to  the  sodium  sulphite  (Na^SO^) 
and  sulphate  (Na-jSOi),  respectively.  The  striking 
decay  of  Fe.^,,:*.'-,.  signal  [Fig.  6(e)  |  at  the  cathodically 
delaminated  PPS  side  can  be  interpreted  as  follows: 
The  Fe-.O:,  in  Zn  -  Ph  layers  favorably  reacts  with 
PPS  to  form  FeS,  which  is  one  of  several  S-related 
iron  reaction  compounds.  However,  it  was  very  dif- 
ticult  to  distinguish  the  photoelectron  line  of  FeS 
from  the  Fe..O-i  line  in  the  Fe-j|,:o-j  region  because  the 
signal  originating  from  Fe  in  FeS  emerges  at  only 

0.3  eV  lower  BE  position  than  that  of  Fe-^O-i.'’' 
Nevertheless,  the  decay  of  Fe.)|,.i,..2  signal  was  impli¬ 
cated  in  the  loss  of  a  great  deal  of  FeS  caused  by 
NaO  H -catalyzed  hydrolysis. 

flsing  SEM  and  EDX.  we  also  investigated  the 
morph(;logy  and  the  elemental  distribution  of  ca¬ 
thodically  failed  Zn  •  Ph  side  (  Fig.  rt) .  As  seen  in  the 
bottom  left  photograph  of  Figure  8,  SEM  topography 
reveals  the  existence  of  two  distinctive  areas:  site  .-Y 
represents  an  area  approximately  LOOO  ;iin  in  di¬ 
ameter  surrounding  the  defect,  while  site  B  is  at  the 
edge  of  the  delaminaietl  l^l'S.  The  areti  in  ihe  tup 
pUoiogra!)li,  .to  eiilargemeiu  ol'sne  A.  discloses  the 
(iresence  of  ihe  PPS  adhering  loc.-illy  to  (he  sub 
st.raie.  As  is  evident  fnini  (he  ED.X  elemeiuai  data 
from  this  region,  a  snuiil  part  of  the  PPS  lilm  re- 
inaiiuiig  on  the  substrate  contains  not  onlv  the  S 
.-iKun  but  also  lias  oilier  elemeiils  such  as  Na.  Fe. 
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and  Zn.  The  EDX  spectrum  of  area  D  in  the  same 
photograph,  representing  the  presence  of  the  Fe 
atom  alone,  relates  to  the  steel  substrate.  These 
findings  strongly  suggested  that  almost  all  the  crys¬ 
talline  conversion  coating  surrounding  the  defect 
was  dissolved  in  the  NaOH  solution  resulting  from 
the  cathodic  reaction  occurring  beneath  the  PPS 
him.  The  right-bottom  SEM  microstructure  ( an  en¬ 
largement  of  site  B )  is  an  image  of  the  morphology 
of  a  normal  Zn  ■  Ph  crystal  coating,  which  has  not 
been  attacked  by  NaOH, 

A  certain  amount  of  p(AA)  polyelectrolyte  in¬ 
corporated  during  crystal  growth  into  the  zinc  phos¬ 
phate  solution  is  present  at  the  outermost  surface 
sites  of  Zn  ■  Ph  layers. Thus,  we  should  consider 
whether  there  is  an  interaction  between  pt  .AA  )  and 
PPS.  In  an  attempt  to  obtain  this  information,  sam¬ 
ples  were  prepared  in  the  following  way:  First,  the 
steel  plate  was  dipped  for  5  min  into  the  \.0%  p  ( AA ) 
aqueous  solution,  and  then  dried  in  an  oven  at  350®C 
for  1  h  to  transform  the  p  ( .A.A )  macromolecule  from 
the  poly  (acid),  having  COOH  pendent  groups,  to 


the  poly  (acid  (anhydride  having 


C  C 


//  \  /  W 
0  0  0 


and  COOH  groups. A  PPS  slurry  was  then  depos¬ 
ited  on  the  poly  (acid  (anhydride  inacromolecule  film 
surfaces,  followed  hy  curing  in  air  at  Finally, 

the  PPS  site  removed  from  the  poly ( acid )- 
anhydride-primed  steel  was  inspected  hy  XPS.  Fig¬ 
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Figure  9  C,.  spetlrii  lor  (f)  liiilk  IM’S  and  (til  fd’S 

irii.erliice  removed  I'rom  [joly  (  acid  lanhydride-iiritiied  sl.ee I, 


ure  9  shows  the  XPS  spectra  for  the  Cif  region  of 
the  bulk  PPS  film  (f)  and  for  the  interfacial  PPS 
sice  (g).  For  the  bulk  PPS,  the  single  peak  at  285.0 
eV  reveals  the  aromatic  hydrocarbon  in  PPS.  By 
comparison  with  the  symmetry  of  the  curve  of  hulk 
PPS,  the  shape  of  the  peak  of  the  samples  from  che 
interfacial  PPS  site  has  an  asymmetric  tailing  co¬ 
ward  the  high  BE  sides.  This  tail,  which  separates 
from  the  primary  peak  of  aromatic  hydrocarbon  at 
285.0  eV,  reveals  the  presence  of  at  least  two  re¬ 
solvable  peaks.  Based  upon  published  data,  the  as¬ 
signments  of  the  lines  at  288,1  and  289.3  eV  are  due 
to  the  carbon  in  the  carboxyl  ( C"“0 )  group  and  che 
carboxylic  acid  (COOH)  group,  respectively,  thereby 
suggesting  that  bond  failure  occurs  through  the 
mixing  layers  of  PPS  and  polyf  acid)  anhydride.  Al¬ 
though  there  is  no  evidence  about  the  interfaciai 
bond  structure  and  the  chemical  or  physical  inter 
actions,  it  appears  that  the  poly  (acid  (anhydride 
macromolecule  has  a  strong  affinity  for  PPS.  On  the 
other  hand,  the  rough  surface  structure  of  crystalline 
Zn  •  Ph  was  one  factor  contributing  to  the  increased 
mechanical  interlocking  forces  associated  with  the 
mechanical  anchoring  of  the  PPS  polymer,  resulting 
from  the  penetration  of  the  melted  polymer  into  the 
open-surface  microstructure  and  microfissures  of 
Zn-Ph  layers.  Consequently,  the  combination  of 
such  chemical  and  physical  bond  structures  plays  a 
major  role  in  the  good  adhesion  performance  at  PPS 
to-Zn  •  Ph  joints. 


Durability  of  Adhesive  Bond 

As  discussed,  the  cathodic  delamination  of  PPS  film 
from  a  zinc-phosphated  steel  was  due  primarily  to 
the  alkali  dissolution  of  Zn  -  Ph  and  FeS  underneath 
the  PPS  coatings.  We  investigated  the  durability  of 
the  .steel/  and  Zn-Ph/PPS  adhesive  bonds  after 
exposure  at  80°C  to  H  jS04  solution  ( pH  «  .3)  con¬ 
taining!).  1  M  NaCl.  All  edges  on  the  PPS  adhesive/ 
adhered  joints  were  unprotected  to  evaluate  the 
su.sceptihiliiy  of  the  interfaciai  bonding  to  the  hot 
acid.  Figure  1(1  shows  the  changes  in  the  value  of 
lap-shear  bond  .strength  as  a  function  of  e.'tposure 
time;  each  value  in  the  figure  represents  the  average 
of  three  mea.surements.  For  the  unexpo.sed  control 
specimen.s,  the  bond  .strength  of  the  PP.S/Zn-  Ph 
joint  was  much  higher  than  that  of  the  PPS/sieel 
joint.  The  de|)osi(lon  of  Zii  ■  Ph  hiyer  on  the  steel 
surface  appears  to  provide  a  .st  rong  adhesive  bonding 
of  PPS/.sieel  joints.  The  data  for  the  PPS/Zti'  Pli 
specimen.s  indicated  that  a  reduction  in  strength 
grarlually  occurs  (luring  exfiosures  of  up  to  4  days: 
lieyond  this,  t  here  is  very  little  reduction  in  strength. 
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CO  d()'’C  H...S0.1  solution. 


This  fact  is  reflected  in  the  considerable  durability 
of  the  PPS/Zn  •  Ph  joint  in  hot-acid  environments. 
The  SEM  image  (not  shown)  of  peeled  PPS  inter¬ 
face  for  the  8-day-exposed  specimens  showed  the 
presence  of  a  large  amount  of  Zn  •  Ph,  suggesting 
that  the  mode  of  delamination  can  be  defined  as 
cohesive  failure  that  occurs  through  the  Zn-Ph 
layer.  In  contrast,  the  strength  of  the  PPS /steel 
specimens  after  expo.sure  for  B  days  dropped  dra¬ 
matically  to  a  value  of  0.6  MPa,  a  reduction  of 
5=  .S9%.  There  was  a  partial  separation  of  the  PPS 
him  from  the  steel  surface,  thereby  implying  that 
the  bond  durability  of  PPS /steel  joints  is  very  poor. 

To  elucidate  the  failure  mode  of  acid-damaged 
PPS/steel  joints,  the  PPS-coated  steel  specimens 
were  exposed  for  8  days  at  80‘'C  in  H,,S04  solution 
(pH  !=  3)  containing  O.LM  NaCl.  After  exposure, 
the  chemical  composition  of  the  separated  PPS  and 
steel  interfaces  was  inspected  by  XPS;  the  quanti- 


Table  (11  Atomic  Concentrations  of  Failed  PPS 
and  Steel  Sides  Before  and  After  Exposure  for  8 
Days  to  80‘’C  H.^SO^  Solution 
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tative  data  are  given  in  Table  III.  Compared  with 
the  control  .specimens,  the  interfaces  of  the  exposed 
specimens  were  characterized  by  representing  the 
migration  of  S  atom  from  the  PPS  to  the  steel  sides 
and  the  interfacial  diffusion  of  Cl,  There  was  no 
signal  for  Na  from  the  formation  of  Na-related  sulfur 
reaction  compounds,  which  are  induced  by  the  dif¬ 
fusion  of  Na  ions  into  the  Interfacial  boundary  zones. 
Nevertheless,  the  locus  of  failure  appears  to  occur 
through  the  S-mcorporated  reaction  product  layers 
as  means  of  the  adhesive  failure  at  the  interface. 
To  identify  the  reaction  product  that  causes  the 
bond  failure  in  hot  acid,  we  inspected  Sjp  core-level 
spectra  for  both  the  separated  PPS  and  the  steel 
sides  (Fig.  11).  The  Sop  region  for  both  sides  showed 
the  emergence  of  a  single  peak  at  the  position  of 
169.0  eV,  which  corresponds  to  a  shift  of  0..5  eV  to 
the  higher  BE  site  than  that  of  FeSO^.  formed  by 
interaction  between  PPS  and  the  steel  (see  Fig. 
-Ka)]  before  exposure.  Ashift  ofO.S  eV  is  reasonable 
to  di.stmguish  the  formation  of  ferric  sulphate 
[  FeoSO,  ).i  1 , ' '  which  may  be  generated  by  H-.-SO., 
catalyzed  oxidation  of  Fe.S04.  Thus,  the  cause  for 
the  bond  failure  of  PPS/ steel  joints  after  exposure 
to  hot-acid  solution  was  the  interfacial  FeS04  -» 
Fe.j(S04):j  phase  transition. 


CONCLUSIONS 

When  high-temperature  performance  PPS  polymer 
coatings  were  directly  applied  to  cold- rolled  steel 
surfaces,  the  chemical  reaction  at  between 

the  Fe_.0:i  at  the  outermost  surfaces  of  the  .steel  and 
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Figure  1  1  region  forihl  PI’S  and  ( il  .steel  imerlixe.s 
sepiir.'Ued  by  I  lie  .itl.u'k  of  bot  iicul  soliiuoii  oil  !  he  I  ’PS  ■ 
sleel  joint. 
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the  PPS  in  air  led  to  the  formation  of  FeSO.,  at  the 
critical  interfacial  zones.  .Although  the  intermediate 
FeSO^  layers,  as  interfacial  reaction  products,  play 
an  important  role  in  developing  bond  strength  at 
the  PPS /steel  joint,  the  alkali-catalyzed  hydrolysis 
of  FeSOj  caused  by  the  cathodic  reaction,  H.^O 
+  O.j  +  2e"  =  20H  ",  at  any  defects  in  the  coating 
film  caused  catastrophic  cathodic  delamination  of 
the  PPS  film  from  the  steel.  Therefore,  to  avoid  the 
direct  contact  of  PPS  with  steel,  a  p(  AA)  -modified 
Zn  ■  Ph  conversion  coating  was  deposited  on  the 
steel  surfaces.  Before  applying  the  PPS,  the 
Zn-|  (  PO I  )■,  •  '2H.>0  as  major  phase  of  the  Zn  ■  Ph  lay¬ 
ers  was  converted  into  an  tv-Zn:il  PO^ );?  phase  by 
thermal  dehydration  at  .'J,’tO“C.  This  thermal  treat¬ 
ment  also  promoted  the  transformation  of  the 
poly  (acid)  structure  within  the  p(AAI  into  the 
poly  (  acid )  anhydride  and  the  oxidation  of  free  Fe 
atoms  dissociated  from  the  steel  surfaces  during  the 
precipitation  of  the  crystalline  Zn  ■  Ph  coating.  We 
found  that  SO.j  emitted  from  the  PPS  at  the  PPS- 
to-Zn  ■  Ph  boundary  regions  preferentially  reacts 
with  the  oxidized  Fe  compounds  rather  than  with 
Zn  and  P  atoms  in  the  Zn  •  Ph  crystals.  Such  a  gas- 
solid  interaction  between  SO..>  and  the  oxidized  Fe 
compound  at  3.50°C  caused  the  formation  of  an  FeS 
reaction  product.  In  addition,  two  different  inter¬ 
actions  were  recognized:  One  was  the  polymer- to- 
polymer  reaction  between  the  PPS  and  the 
polyl  acid )  anhydride  existing  at  the  outer  surface 
of  the  Zn  ■  Ph  layers;  the  other  was  the  mechanical 
interlocking  associated  with  the  mechanical  an¬ 
choring  of  the  PPS  polymer,  which  resulted  from 
the  penetration  of  the  melted  polymer  into  the  open 
surface  microstructure  of  the  Zn  ■  Ph  layers.  These 
phy.sicochemical  factors,  contributing  to  the  devel¬ 
opment  of  adhesion  force  at  the  PPS/'Zn-  Ph  in¬ 
terfaces,  were  essentially  responsible  for  the  high 
lap-shear  bond  strength  on  the  phosphated  metal- 
to-phosphated  metal  PPS  specimens. 

Once  a  cathodic  reaction  occurs  at  a  defect  in  the 
PP.S/Zn-  Ph  system,  the  action  of  NaOH  derived 
from  the  cathodic  reaction  results  in  the  dissolution 
and  hydrolysis  of  the  anhydrous  Zn'  Ph  and  FeS 
interaction  pr<iduct.  Such  an  alkali- induced  disso¬ 
ciation  resulted  in  the  I'ormution  of  the  Na-related 
sulfur  compounds,  such  as  Na-sulphide,  Na-.sul|)hite. 
and  Na-sulphate.  However,  the  rale  ot' cathodic  de- 
lammation  ol  PP.S  for  t  he  PPS  /Zn  ■  l-’h  svstem  was 
t:onsiderahly  lower  l.han  t.hal  lor  the  PP.S /.steel 
system. 

The  adhesive  bonds  of  the  PPS/Zii-  Ph  systems 
disfilayed  an  cail.standing  bond  durability  agiiinsl 
attack  iiy  a  hot  H.-Sf),,  solution  cont.uning  NaC'l.  In 


contrast,  the  bonds  of  the  PPS /steel  systems  failed 
after  exposure  for  only  8  days  to  this  hot-acid  so¬ 
lution.  The  major  reason  for  this  failure  was  due  to 
FeSOi  — >■  Fe2{S0.|):(  phase  transformation  in  the 
intermediate  layers.  The  formation  of  Fe;iS04);i 
may  be  deduced  from  the  acid-catalyzed  oxidation 
of  the  FeSO^  reaction  product  formed  at  the  PPS/ 
steel  interfaces. 

This  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  under  Contract  No.  DE-AC02- 
76CH00016  and  supported  by  the  U.S.  .Army  Research 
Office  Program  MIPR-ARO-l  19-91  and  the  Physical  Sci- 
ence.s  Department  of  the  Gas  Research  Institute  under 
Contract  No.  .o090-260- 1948. 
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POLYTITANOSILOXANE  COATINGS  DERIVED  FROM 
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Summary 

Amorphous  polytitanosiloxane  (PTS)  was  formed  by  hydrolysis- 
poly  condensation  and  hydrolysis-polycondensation-pyrolysis  reaction 
mechanisms  of  precursor  sol  solutions  consisting  of  monomeric  organo- 
silanes,  Ti(OC2H^)4,  methanol,  water  and  hydrochloric  acid,  over  the 
temperature  range  100  -  500  °C.  These  reaction  processes  which  are  re¬ 
sponsible  for  the  assembl^e  of  PTS  networks  were  found  to  depend 
mainly  on  the  species  of  organosilane  used. 

The  PTS  was  applied  as  a  coating  on  aluminum  substrates  and  the 
factors  which  play  an  important  role  in  providing  corrosion  protection  were 
investigated.  Three  major  findings  are  as  follows;  (1)  the  addition  of  HCl, 
which  was  used  as  a  hydrolysis  accelerator  for  the  organosilanes  and 
Ti(OC2H5)4,  acts  to  produce  a  clear  sol  solution,  thereby  aiding  in  the 
formation  of  smooth  and  uniform  coating  layers;  (2)  the  organosilane  to 
Ti(OC2H5)4  ratios  are  critical  for  the  fabrication  of  PTS  films;  and  (3) 
moderate  densification  of  the  Si— O— Ti  bond  in  PTS  networks  is  needed 
to  produce  a  good  film. 


Introduction 

The  use  of  titanium  alkoxide,  Ti(OR)4  (where  R  is  CHj,  C2H5,  C3H2 
or  C4l-Ii;),  as  a  means  of  enhancing  the  network  connectivity  and,  hence, 
the  extent  of  three-dimensional  crosslinking  of  polymeric  organosilanes 
synthesized  using  sol-gel  techniques  in  terms  of  hydrolysis-polycondensa¬ 
tion  processes,  has  been  investigated  previously  [1,  2].  These  authors  re¬ 
ported  that  the  incorporation  of  Ti(OR)4  into  the  organosilane  system 
improved  mechanical  properties  such  as  the  modulus  of  elasticity  and  tensile 
strength  of  the  organosiloxane  polymer.  It  has  also  been  reported  that  the 
addition  of  excessive  amounts  of  Ti(OR)4  to  the  systems  results  in  large 
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reductions  in  the  elongation  at  the  failure  point  of  the  polymers  [3].  All 
of  these  studies  were  performed  at  temperatures  up  to  220  '’C. 

Apparently  an  inorganic  polysilane  formed  by  a  sol-gel  polycondensa¬ 
tion  process  involving  tetraethylorthosilicate,  Si(OC2H5)4,  is  presently  used 
as  a  binder  in  inorganic  zinc-rich  primers  which  act  to  inhibit  the  corrosion 
of  metals  [4],  The  major  characteristics  of  these  cured  inorganic  zinc  primer 
films  are  their  excellent  adhesion  to  metallic  substrates,  thermal  stability, 
resistance  to  ultraviolet  light  and  weathering,  and  abrasion.  As  a  result, 
they  appear  promising  for  use  as  reliable  underlying  structures  to  which 
organic  topcoats  can  be  applied.  From  the  standpoint  of  adhesion  to  metals, 
it  has  been  emphasized  that  hydroxy-terminated  end  groups  in  the  assembled 
polysilane  macro  molecules  react  favorably  with  hydroxy  lated  metals  to 
form  strong  covalent  bonds  [5,6J.  This  formation  of  interfacial  bonds  is 
primarOy  responsible  for  adhesion  durability  at  metal-polysilane  joints. 

On  the  basis  of  the  above  information,  our  attention  was  focused  on 
the  characteristics  of  polymeric  materials  synthesized  through  hydrolysis- 
condensation  reactions  of  Ti(OR)  ,,-incorporated  organosilane  monomeric 
mixtures  over  the  temperature  range  100  -  500  "C.  When  film  fabrication 
temperatures  >300  “C  are  considered,  it  can  be  assumed  that  a  large  number 
of  carbon-containing  groups  will  be  eliminated  pyrolytically  from  the 
polymer  network  structures  as  a  result  of  elevated  temperature.  Hence, 
attention  was  given  to  the  pyrolytic  changes  in  the  conformation  of  Ti 
compound-modified  organosilane  polymers.  Of  course,  such  conformational 
changes  and  their  processes,  as  a  function  of  temperature,  may  be  different 
depending  on  the  species  of  organosilane  and  the  proportions  of  organo¬ 
silane  to  Ti(OR)4  used  as  original  starting  materials. 

As  an  approach  to  obtaining  such  information,  it  was  decided  to 
examine  three  topics.  First,  emphasis  was  placed  on  the  pyrolytic  conforma¬ 
tional  changes  and  the  mechanisms  of  Ti  compound-modified  organosilane 
polymers  formed  at  various  Ti(OR)4  to  organosilane  monomer  ratios.  In  this 
study,  the  3-glycidoxypropyltrimethoxysilane  (GPS)  examined  by  previous 
investigators  [1,  2]  was  used.  The  observed  conformational  changes  were 
correlated  with  alterations  in  the  surface  morphology,  changes  in  surface 
chemical  composition  and  chemical  states  of  the  Ti  compound-modified 
GPS  coating  films  overlayed  on  aluminum  substrates  at  temperatures  up  to 
500  °C.  The  ability  of  the  coatings  formed  at  temperatures  ranging  from 
100  °C  to  500  °C  to  inhibit  the  pitting  corrosion  of  aluminum  was  studied 
secondly.  Finally,  based  upon  fundamental  knowledge  obtained  from  the 
above  studies,  efforts  were  then  focused  on  the  fabrication  of  good  coating 
films  and  evaluation  of  their  corrosion  protective  performance. 

Experimental 

Materials 

The  six  different  monomeric  organoalkoxysilanes  listed  in  Table  1 
were  used  in  this  study.  Sources  of  these  silanes  which  served  as  network- 


TABLE  1 

Organosilanes  used  in  the  present  study 
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Orga  nosilane 
tetraethoxysilane  (TS) 

1 ,2-his(lrimetlK)xysilyI)ethane  (BTSE) 

l  e()oxyeyck>ll«!xyl)cthyltri- 
m<‘thoxysilone  (ECS) 

3-glycitloxypropyitnmethoxysilano  (GPS) 

3-aminopropyltrimethoxysiIane  (APS) 

iV-[3-(triethoxysilyl)propyl  )-4,5- 
dihydroimidazole  (TSPI) 


Chemical  formula 
SUOCiHOa 

( H.iCO  )3Si(  CH,  );Si(  OCir.i), 

o. 

\^-(CH;)2-S!(0CHi),1 
CH-,  —  CH-CH2-0-(CH2)3-Si(0CH3)3 

H2N-(CH2)3-Si(OCH3)3 

r^N-(CHj)3-Si(OC2H,)a 


TABLE  2 

Compositions  of  clear  precursor  solutions  used  lor  various  GPS/Ti(OC2H5)4  ratios 


GPS/Ti(OC2H5)4 
(wl.  ratio) 

GPS 

(wt.%) 

Ti(OC2H5)4 

(wt.%) 

CHjOH 

(wl.%) 

Water 

(wt.%) 

HCl  (wt.%)/ 

[GPS  +  Ti(OC2H5)4] 

100/0 

50 

0 

30 

20 

10 

80/20 

40 

10 

30 

20 

10 

60/40 

30 

20 

30 

20 

20 

40/60 

20 

30 

30 

20 

30 

30/70 

15 

35 

30 

20 

40 

forming  materials  were  the  Aldrich  Chemical  Company,  Inc.  and  Petrarch 
Systems  Ltd.  The  titanium  alkoxide  was  titanium(IV)  ethoxide,  Ti{OC2- 
1-15)4,  supplied  by  Alfa  Products. 

The  film-forming  mother  liquor  which  served  as  the  precursor  solution 
was  prepared  by  incorporating  the  organoalkoxy.silane/Ti(OC2H5)4  mixture 
into  a  methyl  alcohol/water  mixing  medium  containing  an  appropriate 
amount  of  hydrochloric  acid.  In  order  to  produce  a  clear  precur.sor  solution, 
it  was  found  to  be  very  important  to  add  the  HCl  as  a  hydrolysis  accelerator 
to  the  blending  material,  thereby  forming  a  uniform  coating  film  on  the 
metal  substrates  (see  Table  2). 

The  aluminum  substrate  used  in  the  experiments  was  2024-To  clad 
aluminum  sheet  containing  the  following  chemical  constituents;  92  wt.% 
■Al,  0.5  wt.%,  Si,  0.5  wt.%  Fe,  4.5  wt.%  Cu,  0.5  wt.%  Mn,  1.5  wt.%  Mg, 
0.1  wt.%  Cr,  0.25  wt.%  Zn  and  0.15  wt.%  other  elements. 

Oxide  etching  of  the  aluminum  was  carried  out  in  accordance  with 
a  well-known  commercial  sequence  called  the  Forest  Products  Laboratory 
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(FPL)  process  [7].  As  the  first  step  in  this  preparation,  the  surfaces  were 
wiped  with  acetone -soaked  tissues  to  remove  any  organic  contamination. 
They  were  then  immersed  in  chromic-sulfuric  acid  (Na2Cr20-;- 2H2O:H2S04: 
water  =  4:23:73  by  weight)  for  10  min  at  80  °C.  After  etching,  the  fresh 
oxide  surfaces  were  washed  with  deionized  water  at  30  “C  for  5  min,  and 
subsequently  dried  for  15  min  at  50  °C. 

Coating  of  the  aluminum  surfaces  using  the  sol  system  was  performed 
in  accordance  with  the  following  sequence.  The  FPL-etched  aluminum  sub¬ 
strate  was  dipped  into  the  precursor  solution  at  ambient  temperature.  The 
substrate  was  then  withdrawn  slowly  from  the  soaking  bath,  after  which 
the  substrate  was  heated  in  an  oven  for  20  h  at  a  temperature  of  100  “C 
to  yield  a  solid  coating.  The  samples  were  subsequently  heated  for  20  min 
at  temperatures  ranging  from  200  ”0  to  500  °C. 

Measurements 

The  combined  techniques  of  infrared  (IR),  X-ray  powder  diffraction 
(XRD)  and  X-ray  photoelectron  spectroscopy  (XPS)  were  used  to  obtain 
fundamental  data  regarding  the  changes  in  conformation,  chemical  com¬ 
ponents  and  states  induced  by  pyrolysis,  as  well  as  the  degree  of  network 
crosslinking  for  the  Ti  compound-modified  organosilane  polymers  at 
temperatures  up  to  500  °C.  Alterations  to  the  surface  microstructure  of  the 
films  after  deposition  on  the  aluminum  substrate  were  observed  using 
scanning  electron  microscopy  (SEM). 

Electrochemical  testing  for  data  on  corrosion  was  performed  using  an 
EG  &  G  Princeton  Applied  Research  Model  362' 1  corrosion  measurement 
system  [8].  The  electrolyte  was  a  0.5  M  sodium  chloride  solution  made  from 
distilled  water  and  reagent  grade  salt.  The  specimen  was  mounted  in  a  holder 
and  then  inserted  into  an  EG  &  G  Model  K47  electrochemical  cell.  Tests 
were  conducted  in  an  aerated  0.5  M  NaCl  solution  at  25  °C  with  the  exposed 
surface  area  of  the  specimens  being  1.0  cm^.  The  polarization  curves  con¬ 
taining  the  cathodic  and  anodic  regions  were  measured  at  a  scan  rate  of 
0.5  mV  s~'  over  a  corrosion  potential  range  of —  1.2  V  to  —0.3  V. 


Results  and  Discussion 
Ti(OC2H ^-modified  GPS  system 

The  mix  compositions  for  the  GPS/Ti(OC2H5)4-based  precursor  solution 
systems  used  in  the  conformational  change  and  mechanistic  experiments 
(study  1)  are  given  in  Table  2.  For  each  formulation,  the  GPS  to  Ti(OC2H5)4 
ratio  was  varied  so  that  the  concentration  of  HCl  needed  to  produce  a  clear 
precursor  solution  was  mainly  dependent  upon  the  GPS/Ti(OC2H5)4  ratio. 
As  the  proportion  of  Ti(OC2Hs)4  increased,  the  required  amount  of  HCl 
was  increased  to  form  Ti  compounds  which  were  susceptible  to  hydrolysis. 
The  HCl-catalyzed  hydrolysis  of  Ti(OC2H;)4  may  be  depicted  as  follows: 


^Ti-OC^H;  +  +  Cr  — ^  =Ti-Cl  +  C2H5OH 

=Ti-Cl  +  HjO - >  =Ti-OH  +  HCl 
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Figure  1  depicts  the  IR  absorption  spectra  for  powder  samples  contain¬ 
ing  GPS  to  Ti(OC2Hs)4  ratios  varying  between  100/0  and  30/70  by  weight 
heated  at  200  °C.  The  IR  analyses  were  conducted  using  the  KBr  method 
which  incorporates  the  powder  samples  into  KBr  pellets.  In  the  spectrum 
for  the  Ti(OC2H5)4-free  bulk  GPS  polymer  samples  [see  Fig.  1(a)],  it  appears 
that  the  broad  peak  at  ca.  3450  cm“'  and  the  weak  peak  at  1615  cm“^ 
are  due  to  the  O— H  stretching  vibration  of  hydroxy  groups  and  the 
H—O— H  bending  vibration  of  H2O  molecules,  respectively.  The  strong  peaks 
at  2950  and  2880  cm“‘  are  ascribed  to  the  C— H  stretching  mode  in  the 
methyl  groups  in  conjunction  with  the  C— H  bending  mode  at  1460 
and  1390  cm“h  The  stretching  of  the  Si— CH2—  bond  in  the  Si-joined  propyl 
groups  is  confirmed  by  the  pronounced  peak  at  1115  cm“‘  [9,10].  It  is 
well  known  that  the  peeik  at  1040  cm~‘  identifies  the  Si — O — Si  bond  in 
the  polymeric  organosilane  formed  by  condensation  reactions  between 
neighboring  silanol  functions  in  the  hydrolyzed  GPS.  Thus,  the  peak  in  the 
vicinity  of  800  cm“'  corresponds  to  the  bending  mode  of  the  O— Si— O  bond 
[11].  The  bands  at  3030,  1265,  917  and  837  cm"^  which  were  assigned  to 
the  terminal  epoxide  rings,  CH2— CH— ,  in  the  monomeric  GPS,  no  longer 

exist  since  the  GPS  monomer  was  heated  to  200  "C.  Also,  the  peak  at  700 
cm~'  reveals  the  C — Cl  stretching  frequency  [12].  This  is  likely  to  be  asso- 


4000  3500  3000  1600  1400  1200  1000  800  600 

Wavenumber,  cm"' 

Fig.  1.  IR  absorption  .spectra  for  powder  samples  heated  at  200  °C  and  (laving  the  follow¬ 
ing  GPS/Ti(OC2Hs)4  ratios:  (a)  100/0;  (b)  80/20;  (c)  60/40 ;  (d )  40/60 ;  and  (e)  30/70. 
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ciated  with  cleavage  of  epoxide  rings  caused  by  the  HCl-catalyzed  hydrol¬ 


ysis  resulting  in  the  transformation  of  CH^—CH  groups  into  CHj— CH  ■ 

•  ti  in 


groups  [13] . 

When  compared  with  the  spectral  features  of  the  sample  containing  a 
GPS/Ti(OC2H5)4  ratio  of  100/0,  the  spectrum  [sec  Fig.  1(b)]  for  that 
with  the  80/20  ratio  is  characterized  by  a-  broad  doublet  peak  in  the  ab¬ 
sorption  range  1150  -  1000  cm“l  The  major  assignments  of  this  doublet 
relate  directly  to  the  Si— CH^  and  Si— O— Si  bonds. 

With  the  exception  of  those  in  the  wavenumber  region  800  -  600 
cm“‘,  spectral  features  similar  to  those  for  the  80/20  ratio  material  were 
observed  with  the  samples  containing  60/40  and  40/60  ratios.  Changes 
occurred  in  the  peak  intensity  at  700  cm“^  which  corresponds  to  the  C— Cl 
bond  in  the  Cl— CH^—CH  groups.  Thus,  the  intensity  of  this  peak  di- 

OH 


minished  as  a  higher  proportion  of  Ti(OC2lIs)4  was  added  to  the  GPS.  As 
is  evident  from  the  appearance  of  a  peak  at  ca.  625  cm“^  for  the  30/70 
ratio  sample  [Fig.  1(c)],  the  addition  of  an  excessive  amount  of  Ti(OC2- 
115)4  seems  to  result  in  the  production  of  a  crystalline  titania  (TiOj)  in  the 
polymeric  organosilane  layers.  It  is  very  surprising  that  a  prominent  peak  near 
930  cm“‘,  which  would  be  attributable  to  the  Si— O— Ti  bond  arising  from 
the  formation  of  the  polytitanosiloxane  (PTS),  is  not  apparent  in  any  of 
the  spectra  for  the  Ti(OC2H5)4-modified  organosilane  polymer  samples 
heated  at  200  °C.  This  suggests  strongly  that,  at  this  temperature,  a  sub¬ 
stantial  amount  of  the  PTS  polymer  was  not  present  in  these  material  sys¬ 
tems.  Thence,  the  hydroxylated  titania  derived  from  the  hydrolysis  of 
Ti(OC2H5)4  appears  to  react  preferentially  with  the  C — Cl  groups  rather 
than  with  the  silanol  groups.  Si— OH,  formed  by  hydrolysis  of  the  methoxy- 
silane  groups  in  GPS.  A  possible  reaction  occurring  between  the  C — Cl 
groups  in  the  polymeric  organosilanes  and  the  hydroxy  groups  in  the 
hydrated  Ti  compounds  may  be  written  as: 

-HCl 

^i-OH  +  CI-CH2-CH  - -  ^i-O-CH^-CH" —  +  HCl 

I  I 

OH  OH 

This  suggests  that  the  shoulder  absorption  bands  detected  at  ca,  1290  cm~' 
in  the  Ti  compound-modified  GPS  polymer  systems  may  be  attributed  to 
the  Ti— O— C  linkages  in  the  ^i— O— CH^— CH  compounds. 


OH 


Figure  2  illustrates  the  IR  spectra  for  the  series  of  samples  heat-treated 
at  300  ”C.  At  a  100/0  ratio  [Fig.  2(a)]  the  major  differences  observed  in 
the  spectrum  to  that  previously  described  for  the  sample  heat-treated  at 
200  °C  are  as  follows;  (1)  a  slight  shift  of  the  absorption  corresponding  to 
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Fig.  2.  [R  absorption  spectra  for  powder  samples  heated  at  300  “C  and  having  the  follow¬ 
ing  GPS/Ti(OC2H5)4  ratios:  (a)  100/0;  (b)  80/20;  (c)  60/40;  (d)  40/60;  and  (e)  30/70. 

the  Si— O— Si  bonds  at  1040  cm^'  toward  a  higher  wavenumber  (1055  cm~'); 
(2)  disappearance  of  the  peaks  at  1115  cm~*  and  700  cm“’  which  correspond 
to  the  Si— CHj  and  C— Cl  bands,  respectively;  and  (3)  a  considerably  di¬ 
minished  intensity  for  the  peaks  at  2950,  2880,  1460  and  1390  cm“‘.  This 
implies  that  heating  to  300  "C  leads  to  the  elimination  of  a  large  numl)er  of 
carbonaceous  groups  such  as  CHjO  and  CHjCHO  from  tiie  polymeric  organo- 
silane  networks.  The  conversion  of  the  polymeric  organosilane  into  the 
inorganic  polysiloxane  network  structure  occurs  around  this  temperature. 
It  is  also  evident  from  the  weak  peak  at  1615  cm“*  that  the  samples  treated 
at  300  °C  still  contained  traces  of  water.  This  may  have  been  due  to  the 
presence  of  water  adsorbed  from  the  atmosphere  at  ambient  temperature 
during  the  preparation  of  the  IR  samples. 

Attention  was  then  focused  on  the  spectra  for  samples  containing 
80/20  and  60/40  ratios,  since  the  appearance  of  the  Si— O— Ti  linkage  in 
the  vicinity  of  930  cm  '  indicates  the  formation  of  PTS  networks.  In 
conjunction  with  the  Si  -O— Si  band  at  ca.  1050  cm“\  it  is  possible  that 
PTS  can  be  produced  at  300  °C  through  the  network  transition  proces.ses 
shown  i)elnw. 

At  high  temperature,  pyrolytic  changes  in  conformation  appear  to 
occur  while  numerous  organic  groups  arc  eliminated  from  the  Ti-incor- 
porated  organopolysilane  network  structures.  Once  the  transition  is  com¬ 
pleted  the  Ti  elements  located  in  the  networks  act  as  a  crosslinking  agent 
which  connect  directly  between  the  polysiloxane  chains.  The  extent  of 
Ti  crosslinking  depends  mainly  on  the  GPS/TKOCjHj),,  ratio.  This  is  evident 
from  the  absorption  intensity  at  co.  930  cm“'  which  becomes  weaker  as  the 
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proportion  of  Ti(OC2H5)4  is  increased.  As  seen  from  the  spectrum  for  the 
40/60  ratio  sample  [Fig.  2(d)},  a  very  weak  band  is  present  at  930  cm^'. 
The  strong  peak  near  625  cm  "‘  reveals  the  formation  of  a  large  amount  of 
Ti02.  From  the  above  information,  it  can  be  concluded  that  to  assemble 
highly  crosslinked  PTS  networks  at  300  °C,  it  is  essential  that  the  proper 
ratio  of  GPS  to  Ti(OC2Hs)4  be  employed. 

When  the  heat-treatment  temperature  was  increased  to  400  °C,  the  peak 
in  the  2900  cm”*  region  of  the  IR  spectra  disappeared  for  all  the  samples. 
This  is  shown  in  Fig.  3  and  suggests  that  the  residual  organic  compounds 


Fig.  3.  IR  atworption  spectra  for  powder  samples  heated  at  400  °C  and  having  the  follow¬ 
ing  GPS/TKOCiHs)^  ratios:  (a)  100/0;  (b)  80/20;  (c)  60/40;  (d)  40/60;  and  (e)  30/70. 


were  virtually  removed  completely  from  the  PTS  networks.  With  that  ex¬ 
ception,  the  spectral  features  for  the  samples  heat-treated  at  400  °C  were 
similar  to  those  for  the  samples  heat-treated  at  300  °C.  On  comparing  the 
results  for  samples  heated  at  500  °C  (see  Fig.  4)  with  those  for  samples 
heated  at  400  °C,  no  specific  changes  and  shifts  in  the  absorption  bands 
can  be  seen  for  any  of  the  samples. 

In  order  to  obtain  information  supplementary  to  the  above  findings, 
X-ray  powder  diffraction  (XRD)  analyses  were  performed  on  the  100/0, 
60/40  and  40/60  ratio  .samples  heat-treated  at  200  °C  and  500  “C,  respective¬ 
ly.  The  resulting  XRD  patterns  extending  over  tlie  diffraction  range  0.163  - 
0.404  nm  are  depicted  in  Fig.  5.  No  spacing  lines  were  detected  over  this 


Wavenumber.  cm“' 

Fig.  4.  IR  absorption  spectra  for  powder  samples  heated  at  500  “C  and  having  the  follow¬ 
ing  GPS/Ti(OC2Hs)4  ratios:  (a)  100/0;  (b)  80/20;  (c)  60/40;  (d)  40/60;  and  (e)  30/70. 
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l'’ig.  5.  XRD  traces  for  (a)  100/0,  (b)  60/40,  (c)  40/60  GPS/'ri(OCiHs)4  ratio  samples 
heated  at  200 'C,  .md  for  (<!)  100/0,  (e)  60/40  and  (f)  40/60  GPS/Ti(OC2Hs)4  ratio 
samples  heated  at  500  °C. 
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diffraction  range  for  the  100/0  and  60/40  ratio  samples  heated  at  200  °C  and 
500  ^C,  indicating  that  these  polymeric  organosilanes  are  substantially  amor¬ 
phous.  In  contrast,  the  reflections  observed  at  0. 169,  0.189,  0.236  and  0.350 
nm  for  the  40/60  ratio  sample  heated  at  200  °C  indicate  the  presence  of  an- 
atase  (Ti02)  crystallites  in  the  organopolysilane  layers.  Based  upon  the 
growth  of  the  anatase  line  intensities  upon  heating  to  500  °C,  the  amount  of 
anatase  crystals  formed  in  the  amorphous  network  structure  seems  to  in¬ 
crease  with  temperature.  Hence,  it  appears  that  high  proportions  of  Ti(OC2- 
05)4,  as  in  the  40/60  and  30/70  ratio  samples,  result  in  the  formation  of 
crystalline  anatase  particles  in  the  amorphous  polymeric  layers  at  temper¬ 
atures  as  low  as  200  °C. 

On  the  basis  of  the  above  findings,  our  interest  then  focused  on  the 
influence  of  pyrolysis-induced  changes  in  the  conformational  and  chemical 
states  of  Ti  compound-incorporated  organosilane  polymers  on  the  ability 
to  fabricate  coating  films  as  a  function  of  temperature.  Films  were  pre¬ 
pared  by  first  dipping  the  FPL-etched  aluminum  substrate  into  the  film¬ 
forming  precursor  solution  and  then  heating  it  in  an  oven  at  100  “C  for  20  h. 
The  thickness  of  the  films  adhering  to  the  substrate  was  determined  using 
a  surface  profile  measuring  system;  thus  for  coatings  preheated  to  100  “C 
it  was  found  that  such  thicknesses  were  in  the  7  -  12  pm  range.  The 
morphological  and  topographical  alterations  in  the  coating  surface  as  a  func¬ 
tion  of  both  the  GPS/Ti(OC2H|;)4  ratio  and  the  heating  temperature  were 
investigated  using  SEM  methods. 

Figure  6  depicts  the  SEM  images  for  coatings  treated  at  200  “C.  The 
surface  microtexture  views  of  the  100/0  [Fig.  6(a)]  and  60/40  [Fig.  6(b)] 
ratio  coatings  reveal  a  continuous  film  over  the  entire  surface  including 
small  and  large  pits.  In  comparison  to  these  smooth  surface  morphologies, 
a  rough  surface  texture  containing  a  microcrack  was  observed  for  the  40/60 
ratio  coating  [Fig.  6(c)].  Increasing  the  Ti(OC2H5)4  concentration  to 
produce  a  30/70  ratio  sample  resulted  both  in  an  increased  number  and  size 
of  the  cracks  [see  Fig.  6(d)].  Partial  separation  of  the  film  from  the  sub¬ 
strate  was  also  apparent.  The  cause  for  the  crack  development  encountered 
during  drying  of  the  sol-derived  coatings  is  primarily  the  generation  of 
stresses  within  the  film  layers  brought  about  by  differences  in  thermal 
expansion  and/or  differential  shrinkage  between  the  film  and  substrate. 
Such  stresses  generated  at  the  film-substrate  interface  result  in  the  dis- 
bondment  of  the  film  from  the  substrate  [14 -16].  As  a  result,  it  can  be 
rationalized  that  the  introduction  of  in  situ  sintered  crystalline  anatase 
particles  into  the  amorphous  polymer  layers  leads  to  the  formation  of  poor 
coating  films  of  a  fragile  nature.  When  the  film-treatment  temperature  was 
raised  to  300  °C,  samples  containing  a  GPS/Ti(OC2Hs)4  ratio  of  100/0 
experienced  severe  damage.  This  is  shown  in  Fig.  7(e).  The  failure  appears 
to  be  due  to  pyrolytic  changes  in  conformation  of  polymeric  organosilane 
resulting  from  the  elimination  of  organic  species  from  the  network  struc¬ 
ture.  These  conformational  changes  eventually  result  in  excessive  shrinkage 
of  the  film.  Although  the  elimination  of  carbonaceous  compounds  occurs 
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Fig.  6.  Scanning  electron  micrographs  for  coating  films  derived  from  GPS/Ti(OC2H5)4 
systems  heat-treated  at  200  “C.  The  micrographs  correspond  to  the  following  GPS/Tl- 
(OC2Hs)4  ratios:  (a)  100/0;  (1>)  60/40;  (c)  40/60;  and  (d)  30/70, 


Fig  7.  Comparison  of  film  surface  inorpliologics  for  GPS/Ti(OC2H^)4  coatings  heat 
treated  at  300  *’0.  The  micrographs  correspond  to  the  following  CPS/Ti(OC2lIs)4  ratios; 
(e)  100/0;  (0  60/40:  and  (g)  40/60. 
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propessively  at  this  critical  temperature,  the  SEM  microstructure  view 
of  the  60/40  ratio  film  [Fig.  7(f)]  discloses  a  much  lower  magnitude  in 
shrinkage  and/or  stress  cracks.  This  strongly  suggests  that  the  crosslinking 
ability  of  the  Ti  compounds,  which  connect  directly  between  the  polysilane 
chains,  acts  significantly  to  suppress  the  development  of  stress  cracks.  Thus, 
it  is  inferred  that  the  network  structure  of  PTS  polymers  formed  by  pyro- 
lytically  induced  conformational  changes  in  Ti  compound-modified  organo- 
silane  polymers  contributes  to  the  maintenance  of  film  shape  at  high  tem¬ 
peratures.  In  contrast,  the  40/60  ratio  film  [Fig,  7(g)]  developed  numerous 
cracks  probably  because  of  the  increased  amount  of  sintered  anatase  crystal¬ 
lites  in  the  amorphous  polymer  layers. 

SEM  images  coupled  to  energy-dispersive  X-ray  (EDX)  data  for  a 
60/40  ratio  coating  heat-treated  at  500  “C  are  given  in  Fig.  8,  The  general 
method  for  preparing  specimens  for  the  SEM  study  was  to  deposit  a  gold 
film  onto  the  sample  surface.  Hence  the  gold  indicated  by  EDX  arose  from 
that  source.  As  expected,  an  increase  in  flaw  width  with  respect  to  the 
direction  of  crack  propagation  is  visible  in  the  micro  structures.  Upon  en¬ 
largement  of  a  portion  of  the  crack  areas,  EDX  examination  of  site  No.  1, 
■which  was  at  a  distance  of  ca.  15  pm  from  the  edge  of  a  crack,  revealed 
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Fig.  8.  SEM  images  and  EDX  analyses  of  60/40  GPS/Ti(OC2Hs  )4  ratio  coating  films 
heat-treated  at  500  °G. 
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Fig.  9.  Changes  in  XPS  elemental  composition  at  the  outermost  surface  sites  of  a  60/40 
coating  film  as  a  function  of  film  •treatment  temperature. 


excitation  of  weak  peaks  corresponding  to  the  elements  Si  and  Ti  in  conjunc¬ 
tion  with  the  principal  peak  of  A1  associated  directly  with  the  substrate. 
A  possible  reason  for  the  presence  of  small  quantities  of  Si  and  Ti  in  the 
crack  region  could  be  that  the  surfaces  in  the  crack  zone  contained  a  thin 
film  of  PTS  polymer  adhering  to  the  substrate.  This  would  indicate  a  strong 
adhesive  force  at  the  interface  between  PTS  and  aluminum. 

Figure  9  illustrates  the  changes  in  elemental  composition  at  the  surface 
sites  of  60/40  ratio  coating  films  arising  as  a  function  of  temperature.  These 
quantitative  data  were  obtained  by  comparison  of  the  XPS  peak  areas  which 
were  then  converted  into  the  elemental  concentrations  by  using  the  differ¬ 
ential  cross-sections  for  core  level  excitation.  For  the  coating  surfaces 
preheated  at  100  ®C,  the  principal  element  at  the  outermost  surface  sites 
was  carbon  originating  from  carbonaceous  groups  in  the  Ti  compound- 
incorporated  organosilane  polymer.  The  secondary  predominant  element 
was  oxygen.  The  percentages  of  detected  silicon,  titanium  and  chlorine 
atoms  were  11.4%,  3.2%  and  6.6%,  respectively.  After  heating  to  temper¬ 
atures  between  200  °C  and  300  °C,  the  XPS  signal  intensity  for  carbon 
decreased  rapidly,  thereby  revealing  a  considerable  loss  in  the  concentration 
of  this  element.  Above  300  °C  this  concentration  appears  to  diminish 
further  only  slowly.  At  this  point,  it  should  be  noted  that  at  >300  “C  the 
detected  carbon  arises  not  only  from  the  residual  carbonaceous  groups  on 
the  PTS  surface  but  also  from  carbon  contaminants  adsorbed  from  the 
atmosphere.  A  similar  trend  for  the  variation  in  concentration  of  the  Cl 
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atom  was  also  observed.  This  relates  to  CI—CH2-CH—  which  is  completely 

in 

eliminated  at  300  'C  from  the  sample  surfaces.  In  contrast,  marked  increases 
in  atomic  concentrations  were  noted  for  O,  Si  and  Ti  between  200  °C  and 
300  °C.  Further  increases  in  temperature  had  little,  if  any,  effect  on  these 
atomic  concentrations.  The  above  XPS  results  are  in  agreement  with  the  IR 
data  discussed  earlier  in  this  paper,  viz.  conformational  changes  to  the 
inorganic  PTS  polymer  from  Ti  compound-modified  organosilane  polymers 
occur  over  the  temperature  range  200  -  300  “C. 

The  Ti  oxide* organosilane  polymer  -»■  PTS  transitions  can  also  be 
identified  from  the  spectra  in  the  Sij,,  and  Ti^,,  core  level  regions  which  are 
of  particular  interest.  The  binding  energy  (BE)  scale  for  these  spectra  were 
calibrated  with  the  C|,,  peak  of  the  carbonaceous  and  contaminated  hydro¬ 
carbon  peak  fixed  at  285.0  eV  as  an  mternal  reference  standard.  Figures 
10  and  11  represent  the  Si^p  photoemission  and  Ti2p  doublet  separation 


Binding  Energy.  eV  Binding  Energy.  eV 

Fig.  10,  Si2p  spectra  for  GPS/Ti(OC2Hs)4  60/40  ratio  coating  surfaces  thermally  treated 
at  (a>  100  °C,  (b)  200  °C,  (c)  300  °C  and  (d)  400  °C,  respectively. 

Fig.  11.  Ti2p  separation  spectra  for  GPS/Ti(OC2H5)4  60/40  ratio  coating  surfaces  ther¬ 
mally  treated  at  (a)  100  'C,  (h)  200  °C,  (c)  300  'C  and  (d)  400  °C,  respectively. 
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spectra  for  thermally  treated  60/40  ratio  coating  surfaces.  In  the  Sio,,  region, 
the  peak  at  101.1  eV  for  the  coating  surfaces  pretreated  at  100  °C  [Fig, 
10(a)]  may  be  assigned  to  the  Si  originating  from  the  polymeric  organo- 
sllane.  The  spectrum  [Fig.  10(b)]  for  the  sample  heat-treated  at  200  °C 
exhibits  a  shift  in  the  peaic  to  a  higher  BE  site.  A  further  shift  in  the  peak 
to  a  BE  of  103.2  eV  occurred  when  the  coating  was  treated  at  300  °C  [Fig. 
10(c) ].  Nfo  further  shift  occurred  for  the  coating  surface  heat-treated  at 
400  ”0  [see  Fig.  10(d) ]. 

Trends  similar  to  those  for  the  Si^^  signal  were  observed  in  the  sep¬ 
aration  spectra  for  the  Ti2„j^,  and  Ti2y,,j  lines.  These  are  shown  in  Fig.  11. 
Specifically,  the  Ti2p  peak  remained  at  a  separation  distance  of  5,7  eV 
between  the  2p3/2  and  the  2pi/2  energy  shifts  to  higher  BE  sites  as  the 
treatment  was  increased  from  100  to  300  ’’C.  Likewise,  a  further  in¬ 
crease  in  temperature  to  400  "C  induced  no  further  shift  in  the  2p  doublet 
line  arising  from  the  sample  heat-treated  at  300  *C  [Fig,  11(d)],  Based 
upon  these  observations,  the  shifts  in  the  Sijp  and  Ti2p  peaks  to  higher  BE 
levels  at  <300  seem  to  be  associated  with  the  silicon  and  titanium 
originating  from  the  PTS  polymers. 

All  of  the  above  data  were  correlated  with  the  effectiveness  of  the 
pyrolytically  transferable  coating  materials  in  providing  corrosion  protec¬ 
tion  to  FPL-etched  aluminum.  The  corrosion  data  were  obtained  from 
the  polarization  curves  for  coated  aluminum  samples  upon  exposure  in  an 
aerated  0.5  M  NaCl  solution  at  25  °C.  The  typical  cathodic-anodic  polariza¬ 
tion  curves  of  log(current  density)  versus  potential  for  all  of  the  coated 
sample  studied  in  this  work  were  similar  to  those  reported  for  other  ma¬ 
terials  by  several  investigators  [17  -19]  and  were  characterized  by  a  rapid 
increase  in  the  current  density  at  a  particular  voltage  in  the  anodic  region. 
This  voltage  is  commonly  described  as  the  critical  pit  initiation  potential. 
The  curves  also  exhibited  a  short  Tafel  region  for  cathodic  polarization, 
but  no  Tafel  region  was  found  at  the  anodic  sites. 

Literature  data  [19]  indicate  that  the  electrochemical  procedure  used 
to  evaluate  the  corrosion  protective  performance  of  coatings  involves  mea¬ 
suring  the  corrosion  current  I^orr  by  extrapolation  of  the  cathodic  Tafel 
slope.  This  has  been  undertaken  for  all  the  specimens  studied  in  this  work, 
and  the  variation  in  the  /c„„  value  has  been  plotted  as  a  function  of  the 
treatment  temperature.  The  results  obtained  are  depicted  in  Fig.  12,  As 
shown  in  the  figure,  the  protective  ability  of  the  coatings  depends  primarily 
on  the  GPS/Ti(OC2lI<;)4  ratio  and  the  treatment  temperature.  For  the  coating 
series  preheated  at  100  °C,  the  highest  value  measured  was  2,6  nA  for 
the  30/70  ratio  coating.  Since  a  low  value  Ls  predictive  of  good  corro¬ 
sion  protection,  the  30/70  ratio  coating  should  yield  poor  protection.  SEM 
micrograph.s  for  this  coating  surface  revealed  numerous  stress  cracks  prob¬ 
ably  caused  by  the  conversion  of  in  situ  sintered  crystalline  titania  in  the 
amorphous  coating  layers.  As  expected,  the  /R,,rr  value  for  the  30/70  coatings 
treated  at  higher  temperatures  remained  essentially  constant.  In  contrast, 
the  lOO/O,  80/20  and  60/40  ratio  coatings  pretreated  at  100  °C  exhibited 
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Fig.  12.  Variation  in  the  eorro.sion  current  /<;orr  aluminum  substrate.';  coated  with 
various  GPS/Ti(OC'}H5)4  ratio  system.s  as  a  function  of  the  film-treatment  temperature. 


Icarr  valucs  approximately  one  order  of  magnitude  lower  than  that  for  the 
30/70  coating.  Thus,  good  corrosion  protection  is  predicted.  However,  when 
the  100/0  ratio  coatings  pretreated  at  100  were  heated  at  higher  temper¬ 
atures  for  20  min,  the  values  increased  with  temperature  up  to  300  °C 
and  then  leveled  off  at  a  value  approximately  equal  to  that  for  the  30/70 
ratio  sample.  It  is  reasonable  to  interpret  that  this  is  due  mainly  to  damage 
caused  by  pyrolytic  changes  in  the  conformation  of  polymeric  organosilanes. 
Hence  the  coatings  no  longer  protect  the  aluminum  substrates  from  cor¬ 
rosion.  The  temperature  relations  for  the  80/20  and  60/40  ratio 
coatings  indicate  that  although  microcracks  form  on  the  film  surfaces  at 
>300  'C,  the  /c„rr  values  after  treatment  at  400  “C  are  almost  equal  to  those 
for  the  coatings  pretreated  at  100  'C.  This  suggests  that  PTS  coating  films 
formed  from  in  situ  conformational  changes  at  400  °C  provide  corrosion 
protection  for  aluminum.  In  the  case  of  PTS  coatings  heat-treated  at  500  "C, 
the  protective  ability  for  both  the  80/20  and  60/40  ratio  samples  appears 
poor. 

Ti( O C^H^) ^-modified  organosilanes 

On  the  basis  of  the  above  information  obtained  from  the  Ti(OC2H5)4- 
GPS  system,  work  was  initiated  to  define  the  role  of  the  monomeric  organo- 
silane  structure  in  promoting  and  retarding  the  densification  and/or  network 
connectivity  of  the  Si— O— Ti  bonds  formed  in  PTS  as  a  function  of  temper¬ 
ature.  These  findings  were  then  related  to  the  corrosion  protective  per¬ 
formance  in  order  to  develop  an  advanced  PTS  coating  system. 
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With  the  exception  of  GPS,  all  of  organosilanes  listed  in  Table  1  were 
used  in  these  studies.  A  film-forming  precitfsor  solution  composed  of  30 
wt.%  of  the  particular  organosilane,  20  wt.%  Ti(0C^Hs)4,  30  wt.%  CH3OH 
and  20  wt,%  water  was  employed  to  produce  the  PTS  polymers.  The  re¬ 
quired  concentrations  of  the  HCl  hydrolysis  promoter  needed  to  prepare 
clear  precursor  solutions  were  dependent  upon  the  species  of  organosilane, 
and  for  the  TS,  BTSE,  ECS,  APS  and  TSPI  systems  were  40%,  50%,  40%, 
50%  and  30%  by  weight  of  total  mass  of  organosilane  and  TiiOC^Hjl^, 
respectively. 

Since  the  presence  of  Si— O— Ti  linkages  in  the  PTS  can  be  readily 
identified  from  the  IR  absorption  peak  at  ca.  930  cm~*,  the  extent  of  the 
densification  of  this  linkage  was  estimated  by  comparing  the  absorbances 
at  ca.  930  cm~'  for  the  PTS  samples  derived  from  the  various  organosilane- 
Ti(OC2H5)4  systems.  As  previously  discussed,  samples  for  IR  analyses  were 
prepared  by  incorporating  the  powdered  samples  into  KBr  pellets.  Figure  13 
summarizes  the  resulting  variations  in  absorbance  plotted  as  a  function  of 
treatment  temperature.  It  is  evident  from  the  data  that  the  extent  of  densi- 


Fit'.  13.  Changes  in  the  IR  absorbance  corresponding  to  the  S'l— O— Ti  l)ond  at  ca.  930 
cm~'  for  Ti  compound-incorporated  orga nosilanes  preheated  at  temperatures  within  the 
range  200  -  500  °C. 
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fication  of  Si— O— Ti  bonds  is  dependent  upon  the  reactive  organic  func¬ 
tional  groups  attached  to  the  terminal  carbon  of  the  methylene  chains 
within  the  monomeric  organosilane  structures.  For  instance,  TS  and  BTSE 
can  be  classified  as  organosilanes  having  only  hydrolyzable  alkoxy  groups 
(OCH3  and  OC2H5)  bound  to  silicon,  but  they  do  not  have  any  terminal 
functionalities.  Both  materials  exhibited  high  absorbance  values  at  ca. 
930  cm“‘  after  pretreatment  at  the  relatively  low  temperature  of  200  °C. 
This  implies  that  a  PTS  containing  a  highly  densified  Si— O— Ti  bond  was 
formed  at  this  temperature.  However,  at  temperature  above  200  °C  the 
absorbance  values  decreased  significantly,  This  suggests  that  the  Si— O— Ti 
bonds  in  PTS  networks  derived  from  the  Ti(OC2H5)4-TS  and  -BTSE  systems 
decompose  at  elevated  temperatures.  The  processes  for  Si— O— Ti  bond 
brealiage  at  high  temperature  are  not  clear.  For  the  Ti(OC2H5)4~APS 
systems,  the  measured  absorbances  for  seunples  pretreated  at  200  °C  and 
300  °C  were  about  0.069,  a  value  approximately  50%  lower  than  that  for 
the  TS  system  after  pretreatment  at  200  °C,  Hence  this  value  was  assumed 
to  be  representative  of  a  moderate  densification  of  Si— O— Ti  bonds.  In¬ 
creasing  the  pretreatment  temperature  above  300  °C  resulted  in  a  decrease 
in  absorbance,  but  the  extent  of  reduction  was  considerably  less  than  that 
for  the  TS  and  BTSE  systems.  This  demonstrates  the  greater  stability  of 
the  Si— O — Ti  bond  at  high  temperatures.  From  the  above  results,  it  can 
be  inferred  that  condensation  reactions  occurring  at  low  temperatures 
between  silanol  groups  in  hydrolyzed  organosilanes  containing  an  amino, 
i.e.  — NH2,  group  or  no  reactive  terminal  groups,  and  the  OH  groups  in 
hydroxylated  Ti  compounds,  lead  to  the  formation  of  Si— O— Ti  bonds: 

=Si-OH  +  HO~Ti=  — ^  =Si-0-Ti= 

In  contrast,  an  absorption  peak  at  930  cm^'  was  not  detected  for 
GPS-,  ECS-  and  TSPI-Ti(OC2Hs)4  systems  pretreated  at  200  °C.  These 

organofunctional  silanes  contain  acyclic,  CH2 - CH—  and  alicyclic, 

— CH - CH— ,  oxirane  rings  and  a  dihydroimidazol,  I  N— ,  ring,  and  they 

N=/ 

appear  to  have  little,  if  any,  affect  on  the  formation  of  PTS  at  200  °C.  A 
possible  explanation  for  this  is  that  the  OH  groups  in  the  hydroxylated  Ti 
compounds  react  preferentially  with  the  Cl  in  the  Cl-terminated  end  groups 
derived  from  the  cleavage  of  the  oxirane  rings  brought  about  by  the  nucleo¬ 
philic  attack  of  Cl“  and  H"^,  rather  than  the  silanol  formed  by  acid-catalyzed 
hydrolysis  of  alkoxy Isilane  in  the  organofunctional  silane  structures: 

-HCl 

=Ti-OH  -H  CI-CH2-CH-  - -  =Ti-0-CH2-CH- 

in  OH 


I 

=Ti-OH  +  Cl-CH-CH- 
OH 


-HCl 


=Ti-0-CH-CH- 

( 

OH 
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Since  the  imidazol  group  acts  as  a  strong  base  by  accepting  a  proton  [20], 
nucleophilic  attack  of  on  the  dihydroimidazol  nitrogen  results  in  bond 
breakage  at  the  N— CH2  linkage  [21  -  23].  This  breakage  leads  to  the  forma¬ 
tion  of  a  Cl-substituted  end  group  which  then  reacts  with  the  hydroxylated 
Ti  compounds; 


I 


N-(CH2)3-Si-  +  +  Cr 

I 


N-H  +  Cl-(CH2)3-Si- 
N=/  I 


I  -HCl  : 

=Ti-OH  -H  Cl-(CH2)3-Si - >  ^Ti-0-(CH2)3-Si- 

I  I 


As  reported  earlier,  a  prominent  IR  peak  at  ca.  930  cm"^  was  observed  for 
these  systems  when  the  samples  were  heated  at  300  °C  for  20  min.  Above 
this  temperature,  the  absorbance  value  increased  slowly.  This  suggests  that 
the  in  situ  conversion  of  the  Ti  compound-incorporated  organosilane 
polymers  into  PTS  occurs  progressively  at  temperatures  ranging  from  200  “C 
to  300  °C. 

When  the  formation  and  the  decomposition  of  PTS  associated  with 
breakage  of  the  Si — O — Ti  bonds  are  considered,  the  monomeric  organo¬ 
silane  materials  used  as  precursors  for  PTS  can  be  categorized  into  the 
following  types:  (1)  alkoxysilanes,  such  as  TS  and  BTSE  which  do  not 
contain  organic  functionaries,  produce  a  highly  densified  Si— O— Ti  linkage 
in  PTS  at  a  temperature  of  200  °C;  however,  breakage  of  the  Si— O— Ti 
bond  occurs  above  200  °C;  (2)  APS  containing  an  amino  functionary  yields 
moderate  densification  of  Si— 0— Ti  linkages  at  200  °C,  and  the  degree  of 
bond  breakage  is  small  over  temperatures  ranging  from  300  °C  to  500  Tl;  (3) 
as  far  as  GPS  and  TSPI  are  concerned,  organofunctional  silanes  having  acy¬ 
clic  oxirane  and  imidazole  rings  act  to  promote  in  situ  conversion  into  PTS 
over  the  temperature  range  200  -  300  °C,  but  above  these  temperatures  the 
rate  of  Si— O— Ti  densification  increases  slowly,  and  (4)  ECS  having  an  ali- 
cyclic  oxirane  ring  yields  a  low  rate  of  conformational  change  in  PTS  at  300 
“C,  but  the  extent  of  Si— 0— Ti  linkage  increases  markedly  with  increased 
temperature. 

Since  the  emphasis  of  this  part  of  our  study  was  to  evaluate  the  coating 
film  formability  of  PTS  and  to  determine  its  corrosion  protective  per¬ 
formance,  films  overlaid  on  FPL-etched  aluminum  surfaces  were  prepared 
using  a  procedure  similar  to  that  for  the  GPS-TifOCTH;).,  system.  The 
film  thicknesses  of  the  TS-,  ECS—,  APS-  and  TSPl-Ti(OC2Hs)4  systems, 
precured  at  100  °C  for  20  h,  were  9.0,  12.5,  11,8  and  11.0  Mm,  respectively. 

Figure  14  depicts  the  SEM  images  obtained  for  coating  film  surfaces 
preheated  at  200  ”C.  The  surface  microtexture  of  the  TS  coating  system 
[Fig.  14(h)],  which  can  be  classified  as  a  PTS  polymer  having  a  highly 
densified  Si— O— Ti  bond,  displays  numerous  cracks  which  are  indicative  of 
the  creation  of  large  stresses.  Although  not  shown  in  the  figure,  the  BTSE 
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Fig.  14.  SEM  images  for  (h)  TS,  (i)  ECS,  (j)  APS  and  (k)  TSPI  system  coating  films  heat- 
treated  at  200  °C. 


system  produced  a  similar  surface  morphology,  This  suggests  that  the  use 
of  PTS  polymers  which  have  excessively  densified  Si— O— Ti  bonds  produces 
poor  coating  films.  Compared  with  the  TS  system,  the  ECS  coating  system 
produced  much  less  cracking,  This  is  shown  in  Fig,  14(i).  Except  for  the 
development  of  few  microcracks,  the  APS  and  TSPI  coatings  [Fig,  14{j) 
and  (k)]  exhibit  excellent  surfaces. 

The  SEM  micrographs  of  these  coating  systems  after  exposure  for  20 
min  in  air  at  300  '’C  are  shown  in  Fig.  15.  As  expected,  the  surface  of  the 
TS  coating  [Fig,  15(1)]  displays  newly  developed  and  propagated  cracks. 
The  crack  width  in  the  ECS  coating  pretreated  at  200  ''C  increased  upon 
heating  to  300  °C  [Fig.  15(m)].  This  led  to  the  local  separation  of  the  film 
from  the  substrate.  In  contrast,  the  APS  and  TSPI  coatings  [Fig.  15(n)  and 
(o)]  showed  no  film  damage  other  than  the  appearance  of  a  clear  crack 
line. 

Significant  cracking  occurred  when  the  APS  coatings  were  heated  at 
500  ’C  [see  Fig.  16(p)].  Heat  damage  and  distortion  of  the  aluminum 
substrate  was  apparent,  but  after  heating  for  20  min  at  500  “C  the  TSPI 
coating  was  not  damaged.  This  is  shown  in  Fig.  16(q).  Accordingly,  PTS 
coating  films  derived  from  the  Ti(OC2Hs)4-TSPI  system  appear  to  have  the 
best  stability  at  elevated  temperature,  possibly  due  to  moderate  densification 
of  the  Si— O — Ti  bonds  in  the  PTS  network  structure. 


193 


Fig.  15.  Surface  morphologies  for  (1)  TS,  (m)  ECS,  (n)  APS  and  (o)  TSPI  system  coatings 
heat-treated  at  300  *C. 


Fig.  16.  SEM  micrographs  for  (p)  APS  and  (q)  TSPI  system  coatings  heat-treated  at 
500  "C. 


The  corrosion  protective  performance  of  PTS  coatings  derived  from 
various  organosilane-Ti(OC2Hj)^  systems  has  been  determined  by  comparing 
the  corrosion  current  (/cort)  values  determined  from  the  cathodic  Tafol 
slopes.  Although  some  coating  systems  such  a.s  TS  and  APS  are  pyrolytically 
converted  into  PTS  networks  at  200  °C,  the  corrosion  tests  in  this  study 
were  performed  on  PTS  coatings  formed  on  the  FPL-etched  aluminum  at 
300,  400  and  500  “C.  respectively.  The  resultant  changes  in  fcmr  (a<A)  for 
these  coating  specimens  are  listed  in  Table  3.  After  heat  treatment  at  300  “C, 
the  lowest  value  (2.0  X  10“^  ^A)  was  measured  on  the  PTS  coatings 
derived  from  the  TSPI  system.  The  APS  system  produced  the  next  lowest 
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TABLE  3 

Comparison  of  corto&lon  current  (/corr)  '‘^lues  for  PTS  coatings  derived  from  various 
orBanosiIano-Ti(OCiH5)4  systems  preheated  for  20  min  at  300.  400  and  500  “C,  respec¬ 
tively 


Coating  system 

^corr  values  (;.iA)  obtained  after  iiretreatment  at 

300  °C 

400  “C 

500  “C 

TS-Ti(OC2H5)4 

2.3 

2.5 

2.8 

ECS-Ti(OC2H5)4 

2.6  X  10”' 

9.1  X  10~* 

1.5 

GPS-Ti(OC2H5)4 

3.5  X  :0“' 

6.0  X  10 

0.5 

APS  -TUOCjHsjj 

8.5  X  10“^ 

5.8  X  10~' 

1.2 

TSPI-Ti(OCjH04 

2.0  X  10"’ 

•1.6  X  10~‘ 

9.8  X  10-‘ 

/(•Off  value.  These  values  were  approximately  two  orders  of  magnitude  less 
than  that  for  the  TS  system.  The  data  also  indicate  that  the  values  for 
all  of  the  i’TS  coatings  formed  after  pretreatment  above  300  ’C  increased  as 
the  film-treatment  temperature  was  raised,  probably  as  a  result  of  the 
increased  size  and  number  of  cracks  in  the  films,  For  all  treatment  temper¬ 
atures,  PTS  coatings  derived  from  the  TSPI  system  imparted  the  best  cor¬ 
rosion  protection,  and  after  preheating  at  500  °C  the  /con  value  was  still 
of  the  order  of  10“*  ixA.  Hence,  the  findings  indicate  that  a  most  effective 
PTS  protection  coating  can  be  derived  pyrolytically  from  the  TSPI/Ti(OC-_,- 
precursor  system  by  heating  at  temperatures >300  'C. 


Conclusions 

Polytitanosiloxane  (PTS)  polymers  containing  Si— O— Ti  linkages 
have  been  synthesized  through  hydrolysis-polycondensation  or  hydrolysis- 
polycondensation-pyrolysis  reactions  involving  clear  precursor  sol  solutions 
consisting  of  monomeric  organo silanes,  Ti(OC2H5)4,  methanol,  water  and 
hydrochloric  acid.  The  purpose  of  the  HCl  in  the  precursor  solution  was  to 
promote  the  hydrolysis  of  organosilane  and  Ti(OC5H5)4,  thereby  producing 
the  clear  sol  solution  necessary  for  the  fabrication  of  uniform  and  smooth 
coating  films.  The  ratios  of  organosilane  to  Ti(OC2H5)4  in  the  compositions 
play  a  major  role  in  forming  the  PTS  polymer,  uiz.  an  excessive  amount  of 
Ti(OC2H5)4  leads  to  the  formation  of  in  situ  sintered  anatase  crystallite  in 
the  amorphous  organosilane  polymer  layers  rather  than  forming  amorphous 
PTS,  The  sol-derived  coating  films  were  prepared  by  dipping  FPL-etched 
aluminum  substrates  into  the  film-forming  precursor  solutions.  When  the 
quality  of  corrosion  protection  provided  to  aluminum  by  the  application  of 
PTS  coating  was  considered,  this  was  found  to  depend  upon  the  PTS  film¬ 
forming  processes  or  mechanisms,  as  well  as  the  extent  of  Si— O— Ti  bond 
densification  in  PTS  networks.  All  of  these  factors  were  dependent  on  the 
species  of  organosilane  reacted  with  the  hydroxylated  Ti  oxide  compounds. 


-w^w  .w _ _  . 

silyl)ethane  (BTSE),  produced  PTS  networks  at  relatively  low  temperatures 
(<200  “C).  This  network  structure  was  formed  by  condensation  reactions 
occurring  between  OH  groups  in  hydroxylated  Ti  oxide  compounds  and  the 
silanol  groups  in  hydrolyzed  organosilanes. 

It  was  found  that  when  such  PTS  networks  were  derived  from  TS- 
and  BTSE“Ti(OCiHs)4  systems,  the  extent  of  Si— O— Ti  densification  was 
considerably  higher  than  when  they  were  derived  from  other  systems. 
However,  PTS  polymers  containing  a  highly  densified  Si~0— Ti  bond 
yielded  coating  films  containing  numerous  stress  cracks  and  thus  provided 
poor  corrosion  protection.  In  addition,  breakage  of  the  Si— 0~Ti  bonds 
occurred  progressively  when  the  PTS  films  were  heated  at  temperatures 
above  200  °C. 

At  film-treatment  temperatures  of  200  °C  no  PTS  formation  was  ob¬ 
served  in  materials  produced  through  hydrolysis-polycondensation  reactions 
involving  j3-(3,4-epoxycyclohexyl)ethyltrtmethoxysilane  (ECS)-,  3-gIycid- 
oxypropyltrimethoxysilane  (GPS)-  or  jV-[3-(triethoxysilyl)propyl]-4, 5-di¬ 
hydro  imidazole  (TSPI)-Ti(OC2H5)4  precursor  systems.  This  indicates  that 
the  OH  groups  in  hydroxylated  Ti  oxide  compounds  react  preferentially 
with  the  Cl-terminated  or  -substituted  end  groups  formed  by  HCl-induced 
hydrolysis  of  oxirane  rings  in  ECS  and  GPS  (or  the  dihydroimidazole  groups 
in  TSPI)  rather  than  with  the  silanol  groups  in  hydrolyzed  organosilanes. 
Amorphous  Ti  compound-incorporated  organosilane  polymer  was  identified 
as  a  reaction  product.  The  in  situ  transition  of  this  reaction  product  into 
PTS  networks  occurred  progressively  at  treatment  temperatures  between 
200  °C  and  300  °C.  In  other  words,  PTS  networks  were  formed  by  the 
pyrolytic  changes  in  conformation  of  the  Ti -incorporated  organosilane 
polymers  involving  the  elimination  of  a  large  number  of  carbonaceous  species 
from  the  original  polymer  structures  at  elevated  temperature.  Thus,  the 
smaller  number  and  short  length  of  the  hydrocarbon  chains  connecting 
between  the  Ti  and  Si  atoms  in  the  precursor  Ti-organosilane  polymer 
resulted  in  less  shrinkage  of  the  pyrolyzed  film.  This  PTS  network  was 
characterized  by  moderate  densification  of  Si— O— Ti  bonds.  Further  in¬ 
creases  in  pretreatment  temperature  to  400  “C  resulted  in  slight  increases 
in  densification.  Although  some  stress  cracks  were  observed  on  the  surfaces 
of  coating  films  fabricated  at  300  “C  and  400  °C,  PTS  coatings  possessing 
moderate  Si— O— Ti  densification  provided  good  corrosion  protection  for 
aluminum.  Finally,  the  most  effective  organosilane  for  use  in  the  fabrica¬ 
tion  of  PTS  coatings  leadir^  to  good  corrosion  protection  was  fV-[3-(tri- 
ethoxysilyl)propyl] -4,5-dihydro  imidazole. 
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The  factors  governing  the  film-forming  performance  of  pre-ceramic  polygermanosiloxan  (PGS)  coatings  for  aluminum  (Ai) 
substrate  surfaces  were  investigated.  The  coatings  were  prepared  through  ihe  hydrolysis-dehydrochlonnaiing  and  dehydrating 
condensations-pyrolysis  reactions  of  a  sol-precursor  solution  consisting  of  N-(3'(trieihoxysilyl)propyl]-4.5-dihydroinijda2oie, 
GctOC,Hj)4,  water,  CHjOH.  and  HCI.  Six  factors  were  important  in  obtaining  a  good  film;  (1)  ihe  high  spreadability  of  the 
sol  soluiion  on  the  AI  surfaces:  (2)  the  formation  of  organopolygermanosiloxane  at  sintering  temperatures  of  150°C:  (3)  the 
pyrolytic  conversion  ai  350 “C  into  an  amorphous  PCS  network  structure  in  which  the  Si-O-Ge  linkages  were  moderatelv 
enhanced;  (4)  the  persistence  of  only  minimum  amounts  of  organic  by-products;  (5)  the  non-crysialline  phases;  and  (6)  the 
formation  of  interfacial  oxane  bond  between  PGS  and  aluminum  oxide. 


1.  Introduction 

Ceramic  coaiing.s  have  noi  yet  been  widely  em¬ 
ployed  on  aluminum  and  magnesium  alloys,  and 
on  other  low  melting-point  metal  subsi rates.  There 
are  two  main  reasons  for  this.  First,  coatings  must 
adhere  well  and  have  an  appropriate  expansion 
coefficient,  especially  during  temperature  cycling, 
t)lherwise  the  coating  will  separate  from  the  sub¬ 
strate.  Second,  many  ceramic  coatings  must  be 
applied  and  processed  at  high  temperature 
(>  1000“C),  using  expensive  and  lime-consuming 
melhods,  such  as  chemical  vapor  deposition. 

To  solve  these  problems  with  conventional 
ceramic  coatings.  t)ur  previou.s  work  [1,2]  focu.sed 


work  w.rs  pcrlofincii  u/iticr  tbt;  juspices  i>f  llic  l^S 
IX'parimcni  t*!  l.ncrjJty.  uii<Jcr  ('oiMfvici 

Nt>  Oh- A(.’()2-76<'1  .ind  >uppor[^;<J  bv  iho  US  Armv 

Kc.sGurch  Office  MtPR  AUO-KlV^H). 


upon  the  synthesis  of  pre-ceramic  inorganic  poly- 
metullosiloxan  (PVIS)  polymers,  and  upon  the 
characieristics  of  the  synthesized  PVfS  as  corro¬ 
sion-protective  coatings  on  aluminum  substrates. 
The  polymers  were  synthesized  througli  the  hy- 
drolysis-dehydrochlorinating  and  dehydrating 
condensations-pyrolysis  reactions  of  .sol-gel 
‘paint’  precursor  solutions,  consisting  of  N-(-3- 
( triethoxysilyi)propyl)-4.5.-dihydroimidazole 
(TSPI),  the  metal  alkoxides,  M(ORi4,  (where  M  is 
Ti  or  Zr,  and  R  is  C-H,  or  CiH-,).  with  hydro- 
chhiric  acid  as  a  hydrolysis  accelerator,  a.nd 
melhanol,  and  water.  We  suggesied  that  this  reac¬ 
tion  occurs  in  the  following  sequence. 

(I)  HCI-catalyzed  hydrolysis  i>f  TSPI  and 
=  M(OR)  at  room  lemperaiure, 

ri  H  .o  ‘  \ 

- -  Cl-  (CH.),  — SltOHl,  -b  •  ^Nll 

N 


I  J  (I  I  1  .(  » 
- - 


U()>2  5ll  ■  1'>9I 
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(2)  dehydrochlorinating  and  dehydrating  con¬ 
densation  at  thesintenng  temperature  of  150®C. 

=  M(OH)  -I-  Cl— (CH,)j— Si(OH)j 

- ►  =M  — O  — (CH,),  — Si==  -K  =Si  — O— (CH_.)3  — Si^  +  =M  — O  — M  = 

-(-=Si  — O— -(-nHCl-hnH,0; 

(3)  pyrolysis  at  350°  C, 

III  III 

M  M 

I  I 

O  O 

,  I 

■*  -^Si  —  O — Si-t'rt. 


^M  — O  — (CH;).  — Si  = 

=  Si  — o  — (CH,  )i  — Si^  _ 

=M— O— M= 

=  Si  — O— MS 


in  the  first  reaction  stage,  the  HCl-caiaiyzed  hy¬ 
drolysis  of  TSPl  promotes  the  cleavage  of  the 
N-CH^-  linkage,  and  then  breakage  of  this  bond 
leads  to  the  formation  of  the  imidazoline  deriva- 


and  the  organosilanol  compounds  containing  Cl- 
subsiituted  end  groups.  Ai  the  same  time,  the 
hydrolysis  of  the  metal  alkoxides  forms  hydroxyl- 
ated  metal  compounds.  The  dehydrochlorinating 
and  dehydrating  condensation  reactions  between 
these  hydrolysis-induced  compounds  occur  in  the 
150°C-sinlering  processes  of  sol-precursor  solu¬ 
tion.  The  pyrolytic  treatment  of  the  sintering 
organometallosiloxane  as  a  final  stage  induces  the 
formation  of  PMS  network  structures,  while  caus¬ 
ing  the  volatilization  of  carbonaceous  species  from 
the  sintered  compounds.  When  this  PMS  was  used 
as  a  corrosion-protective  coating  for  aluminum 
substrates,  we  found  that  two  factors  were  im¬ 
portant  in  making  uniform,  continuous  coatings 
on  the  substrates:  (f)  the  degree  of  densification 
of  metal-O-Si  linkage,  and  (2)  the  bond  forma¬ 
tion  at  the  PMS-aluminum  interfaces. 

As  pan  of  our  work  to  develop  the  advanced 
PMS  coatings,  our  objectives  were  to  examine  the 
characteristics  of  polygermano.siloxane  ( PGS)  de¬ 
rived  from  the  sol-gel  solution  containing  two 
main  film- forming  components.  TSPl  and  ger¬ 
manium  eihoxide  IGefOCiH^)^].  and  to  investi¬ 


gate  the  ability  of  such  films  to  protect  the  alumi¬ 
num  substrate  from  the  attack  of  corrosive  fluids. 


2.  Experiments 
2.  ].  Materials 

N-(3-(irielhoKysily)propyl]-4.5,-dihydroimida- 
zole  (TSPl),  supplied  by  Petrarch  Systems  Ltd., 
was  used  as  a  network-forming  monomeric 
organoalkoxysilane.  The  germanium  (IV)-etho.xide 
[Ge( 00,1-13)4)  obtained  from  Alfa  Products  was 
employed  as  a  cross-linking  agent. 

The  film-forming  mother  liquor  which  served 
as  the  precursor  solution  was  prepared  by  incor¬ 
porating  the  TSPl-Ge(OC_, 1-13)4  mixture  into  a 
medium  of  methyl  alcohol/ water  containing  HCl 
as  a  hydrolysis  accelerator.  To  produce  a  clear 
precursor  solution,  it  was  very  important  to  add 
the  HCl  to  the  blending  material,  thereby  forming 
a  uniform  coating  film  on  the  metal  substrates. 
Table  1  shows  the  compositions  of  the  precursor 
solutions  used  in  this  study. 

The  metal  substrate  used  was  2024-T3  clad 
aluminum  sheet,  containing  the  following  chem¬ 
ical  constituents:  92  wi^o  AI,  0.5  wt'>  Si.  0.5 
Fe,  4.5  wt%  Cu,  0.5  wilj  Mn.  1.5  wi*^  Mg,  0,1  vvi9 
Cr,  0  25  wt^fc  Zn.  and  0.15  wt*?,  ^llher. 

The  oxide  etching  of  the  aluminum  was  carried 
out  in  accordance  with  a  well-known  commercial 
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Table  1 

C.>mposiilan.s  of  clear  precursor  solutions  used  in  GetOC.Hjjj-TSPI  systems 


TSP!/'Ge(OC,HGa 
(w/1  raiiol 

TSPt 

(wt'?) 

Ge(OC,H,), 

(W|%) 

CHjOH 

(wt%) 

Waier 

(wl%) 

HCI  (WI'T)/ 

TSPf^ 

Ge(OC;H,), 

ItKl/O 

50 

. 

30 

20 

15 

W/IO 

as 

S 

30 

20 

15 

1(0/20 

40 

10 

30 

20 

15 

70, -'30 

3S 

IS 

30 

20 

15 

sequence  called  ihe  Forest  Products  Laboratory 
(FPL)  process  [3].  As  the  first  step  in  the  prepara¬ 
tion,  the  surfaces  of  the  .sheets  were  wiped  with 
acetone-soaked  tissues  to  remove  any  organic  con- 
lammaiion.  They  were  then  immersed  in 
chromic-sulfuric  acid  (Na,CrjO,  •  2HjO  : 
H^SOj  ;  water  =  4  :  23 ;  73  by  weight)  for  10  min 
at  80  °C  After  etching,  the  fresh  oxide  surfaces 
were  washed  with  deionized  water  at  30“ C  for  5 
min.  and  subsequently  dried  in  air  for  15  min  at 
50  °C. 

Coating  of  the  aluminum  surfaces  using  the  .sol 
system  was  performed  in  the  following  .sequence. 
The  FPL-etched  aluminum  substrates  were  dipped 
into  the  precursor  solution  at  ambient  tempera¬ 
ture.  The  siib.straies  then  were  withdrawn  slowly 
from  the  soaking  bath,  after  which  they  were 
preheated  in  an  oven  for  20  h  at  ISO^C  to  yield  a 
sintered  coaling.  The  samples  were  subsequently 
annealed  for  30  min  at  temperatures  up  to  350 °C. 

2  2.  Meaxuremertts 

The  combined  techniques  of  thermogravimetric 
analysis  (TGA),  differential  thermal  analysis 
(DTA),  infrared  (IR),  and  X-ray  powder  diffrac¬ 
tion  (XRD)  were  used  to  examine  the  changes  in 
conformation,  the  degree  of  Ge-O-Si  linkage, 
and  the  in  situ  phase  transformation  of  the 
Ge(OC;H.,)4-modified  organo.siiane  polyiuer.s  at 
temperatures  up  to  350 "C. 

The  c.xteiu  to  which  the  precur.stir  .solutions 
wetted  ihe  FPL-etched  Al  .Mirface.s  was  estimated 
Irom  the  values  of  contact  angle  measured  witlun 
the  first  20  s  after  dropping  the  solution  on  the 
surface.s. 


The  surface  microsiructure  of  ilie  films  formed 
on  Al  surface  at  350  °C  were  ob.served  with  scan¬ 
ning  electron  microscopy  (SEM).  The  surface-in¬ 
terface  chemical  components  and  states  of  ihe 
PGS-coated  Al  substrate  samples  were  also  in¬ 
vestigated  using  X-ray  photoeleciron  spectroscopy 
(XPS). 

The  electrochemical  testing  for  data  on  corro¬ 
sion  was  performed  with  an  EG  &  G  Princeton 
Applied  Research  Model  362-1  corrosion  mea¬ 
surement  system.  The  electrolyte  was  a  0.5M 
sodium  chloride  solution,  made  from  distilled 
water  and  reagent  grade  salt.  The  specimen  was 
mounted  in  a  holder  and  ihen  laserted  into  a 
EG  &  G  Model  K47  electrochemical  cell.  The  tests 
were  conducted  in  an  aerated  0,5M  NaCl  solution 
at  25  °C.  on  an  exposed  surface  area  of  1.0  cm'. 
The  polarization  curves  containing  ihe  cathodic 
and  anodic  regions  were  measured  at  a  scan  rate 
of  0.5  mV/s  in  the  corrosion  poieniial  range  of 
-  1.2  to  -0,3  V, 


3.  Results 

S.I.  Thermal  charaaerixtics  of  Ge-mcorporaied 
or^unosilane  compounds 

Before  .surveying  the  properties  of  the  pyro¬ 
genic  polygermanosiloxane  (PGS)  films  deposited 
on  the  aluminum  (Al)  substrates,  we  inve.stigaied 
the  thermal  heliavior.s  of  the  Ge-mcorporated 
organosilane  .sinters  derived  from  the  sol  -gel  pre¬ 
cursor  .solutnm  using  TGA  DT.A,.  IR.  an  .VRD 
Tliese  measurements  gave  us  data  on  ilierma)  de- 
compo.siiion,  phase  transftirmation.  and  pyrolys- 
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li-iaduced  change  and  reairangemenis  in  molecu¬ 
lar  conformation. 

A  thermal  analysis,  combining  TGA  and  DTA. 
revealed  the  decomposition  characteristics  during 
pyrolysis  of  150 C-sintered  powder  samples  (fig, 
1).  The  TGA  data  for  the  control,  a  sample  with  a 
ratio  100/0  of  TSPI/Ge(OCi H, )4,  showed  a 
slight  decrease  between  0  and  100°C  followed  by 
a  large  decrease  between  300  and  450  ®C.  and  a 
.smaller  decrease  between  500  and  700"  C.  At  tem¬ 
peratures  >  700 "C.  no  further  changes  were  seen 
iti  the  TGA  and  DTA  data.  The  weight  loss  occur¬ 
ring  at  each  individual  stage  m  the  three-.step 
decomposition  process  gave  the  following  values: 
=  at  temperatures  up  to  200"  C.  »  27^  be¬ 
tween  200  and  500  ®C.  and  ^9%  between  500 
and  600“  C.  Compared  wuh  the  TGA  data  of  the 
control.s,  changes  in  the  shape  of  the  curve  can  be 
seen  in  the  samples  in  which  GefOC-H;).,  was 
incorporated:  the  addition  of  Ge(OC2H5)4  to  TSPI 
shifts  the  temperature  of  onset  of  thermal  decom¬ 
position  on  the  .second  and  third  stages  to  a  lower 
value.  As  the  DTA  curves  show,  the  temperature 
of  the  two  prominent  peaks  between  300  and 
500 “C  decreases  as  the  GetOC,H5)j  concentra¬ 
tion  increases. 
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Fig.  2.  IR  absorption  spectra  for  the  tSO’C-sioiered  sampies 
having  (al  tOO/0,  (b)  90/10.  lO  80/20.  and  (d)  70/30  ratios  of 
TSPI/GetOC.H,),. 


To  verify  our  findings,  the  IR  spectra  of  .sam¬ 
ples  sintered  at  350  “C  and  500  “C  were  meas¬ 
ured.  Figure  2  shows  ihe  IR  absorption  spectr.i 
over  the  wavenumber  region  of  1200  to  6tK)  cm ' ' 
for  150“C-.simered  powder  samples  having  100/0. 
40/10,  80/20.  and  70/30  ratios  of  TS’PI. 
GefOC.Hjjj-  Ihe  .spectrum  for  the  bulk  TSPI  (at 
had  four  pronounced  bands.  As  described  in  the 
previous  paper  (2|,  the  respective  bands  are  .is- 
signed  to  the  following  absorbing  species:  the 
Si-C  bond  stretching  in  the  Si-joined  propvl 
groups  at  1125  cm*',  the  antisymmetric  bond 
stretching  of  the  Si-O-Si  linkage  at  1030  cm 
the  symmetric  stretching  of  the  Si-O-Si  linkage  at 
765  cm*',  and  the  C-Cl  stretching  in  the  Cl-sub- 
stituted  end  groups  at  640  cm  ' ' , 

When  20  parts  of  the  total  weight  mass  of  TSPI 
were  replaced  by  Ge(OC_.HGj.  a  new  peak  ap¬ 
peared  at  470  cm  '  in  ihc  absorption  spccirtnn 
(c).  This  peak  is  tittributcd  to  Si-O-Ge  linkages 
[4].  The  peak  unciisity  tif  the  C'  Cl  li.iiid  ;ii  n4(l 
cm  '  decreases  as  liie  pniptiriion  t'l'  GciGC'^fU). 
increa.se.s.  The  da.ta  also  indic.ucd  iluu  Cl  In  the 
Cl-subsiiiuicd  end  grtiup.s  prefcremially  rcact.s 
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350°  C 


Fig.  3.  IR  spectra  for  the  350“ C-  and  SOO'C-pyrolyzed  (a) 
100/0,  (b)  90/10,  (c>  80/20,  and  (d)  70/30  TSPt/GefOCjH,)., 
ratio  samples. 


with  OH  groups  in  the  hydroxylated  Ge  com¬ 
pounds  derived  from  the  HCl-catalyzed  hydrolysis 
of  GefOC^Hj)^.  With  a  further  increase  in  the 
proportion  of  GefOCiH,)^  to  30  parts,  another 
new  peak  at  875  cm'’  appeared  (see  fig.  2(d)). 
which  is  attributed  to  the  Ge-O  stretching  mode 
of  GeOn  [5].  Figure  3  shows  the  comparisons  and 
changes  in  the  IR  spectral  features  of  the  350  “C- 
and  5(X)'’C-pyrolyzed  samples.  At  350  °C.  the 
changes  in  the  spectra  of  the  samples  with  100/0 
ratio  (a),  compared  with  that  of  a  ISO^C-pre- 
hcated  sample,  can  be  described  as  follows:  (1)  the 
peaks  at  frequencies  of  1125  and  690  cm'* 
originating  from  the  Si-C  and  C-Cl  bonds,  re¬ 
spectively,  are  eliminated;  (2)  there  is  a  slight  shift 
of  the  absorption  due  to  the  Si-O-Si  linkage  at 
1030  and  765  cm"’;  and  (3)  a  new  band  emerges 
at  1715  cm”'  The  first  result  is  indicative  of  the 
removal  of  many  carbonaceous  groups  from  the 
polymenc  organosilane  networks.  Such  a  pyrolytic 
phenomenon  will  lead  to  the  third  result,  namely, 
the  new  absorption  band  at  1715  cm”'  is  due  to 


the  C=G  stretching  absorption  in  the  aldehyde 
yielding  pyrogenic  by-products  [6J.  The  peak  in¬ 
tensity  of  the  by-products  decreased  with  an  in¬ 
crease  in  proportion  of  GefOCiH,)^. 

There  was  no  evidence  for  Si-O-Ge  linkage  at 
150  °C  for  the  90/10  ratio  sample.  However,  when 
this  sample  was  pyrolyzed  at  350  ^C,  the  spectrum 
(fig.  3(b))  contained  a  component  at  970  cm”' 
which  we  attribute  to  Si-O-Ge.  corresponding  to 
the  formation  of  polygermanosiloxane  (PCS).  The 
most  intense  band  at  970  cm  ’  in  the  spectrum  of 
350  *  C-pyrolyzed  series  was  observed  in  the  sam¬ 
ples  with  80/20  ratio  (fig.  3(c)).  By  contrast,  the 
incorporation  of  a  certain  amount  of  GefOCjHj), 
is  associated  with  the  formation  of  GeOi.  rather 
than  the  Si-O-Ge  linkages.  The  formation  of 
GeOj  is  deduced  from  the  increase  in  intensity  of 
a  band  at  875  cm"’,  compared  with  that  at  970 
cm"'  (see  fig.  3(d)).  The  peak  absorbance  of  the 
Si-O-Ge  band  at  970  cm"’  in  the  90/10  ratio 
sample  was  almost  the  same  as  that  of  the  80/20 
ratio  sample,  indicating  that  the  extent  of  densifi- 
cation  of  Si-O-Ge  linkage  in  the  PGS  films  Is 
similar  in  both.  The  spectra  for  all  samples  exhibit 
a  band,  ranging  from  800  to  750  cm  that  is  due 
to  the  symmetric  stretching  mode  of  the  Si-O-Si. 
When  these  samples  were  treated  at  500  ”’C.  there 
was  no  evidence  of  the  bands  at  1715  cm"'  in  the 
spectra  of  any  sample.  Thus,  the  volatilization  of 
the  organic  species  is  completed  at  500 ‘’C.  The 
shift  of  Si-O-Si  band  at  1055  cm*'  toward  a 
higher  wavenumber  was  also  apparent  in  the  spec¬ 
tra  of  the  500  °  C-pyrolyzed  samples. 

There  are  no  diffraction  peaks  detected  by  XRD 
over  the  diffraction  ranges  of  0..59  to  0.201  nm  for 
the  350*  C-pyrolyzed  90/10  and  80/20  ratio  sam¬ 
ples.  This  finding  indicates  that  the  PGS  derived 
from  these  systems  is  essentially  amorphous.  By 
contrast,  reflections  at  0.236,  0.215.  and  0.204  nm 
in  the  same  diffraction  range  were  observed  from 
the  70/30  ratio  sample.  These  spacings  belong  to 
crystalline  GeO,  [7];  therefore,  the  70/30  ratio- 
derived  amorphous  PGS  layers  contain  some  GeO, 
crystalline  particles. 

On  the  basis  of  this  knowledge,  the  study  then 
focused  upon  the  properties  of  PGS  coating  films 
as  a  barrier  against  corrosion  of  Al  .substrates. 
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6.1 


S.2.  Properties  of  PGS  coatmp,  films 

In  dealing  with  ihe  formation  of  uniform-con¬ 
tinuous  PGS  coating  films,  the  magnitude  of  wet¬ 
tability  and  spreadability  of  the  Forest  Products 
Laboratory  (FPL)-etched  Al  surfaces  by  sol  pre¬ 
cursor  liquids  are  among  the  most  important  fac¬ 
tors  governing  good  protective-coating  perfor¬ 
mance.  As  we  have  shown  [8],  FPL  treatment  of 
Al  substrates  introduces  an  amorphous  oxide  layer 
into  the  outermost  surface  sites  of  Al.  One  signifi¬ 
cant  feature  of  a  fresh  AKO,  surface  is  its  ex¬ 
tremely  high  susceptibility  to  moisture:  the  aging 
FPL-etched  surface  laver  which  was  used  in  this 
study  consisted  of  the  phases  of  anhydrous  and 
hydrous  aluminum  oxides.  Therefore,  the  magni¬ 
tude  of  the  sol  liquid-wettability  of  the  oxide 
surface  was  estimated  from  the  average  value  of 
the  advancing  contact  angle,  9  (in  degrees),  on 
this  surface.  The  sol-precursor  solution  systems, 
as  shown  in  table  1,  were  also  used  in  this  study. 
A  plot  of  ^  as  a  function  of  the  TSPI/GefOCjHj)^ 
ratios,  for  the  FPL-etched  Atl  surface,  is  given  in 
fig,  4.  Since  a  low  contact  angle  implies  better 
wetting,  the  resultant  ratio  data  exhibited  an 
interesting  feature;  namely,  the  wetting  behavior 
was  improved  by  Increasing  the  proportion  of 
GetOC2Hj)4  in  the  precursor  systems.  The  9 
value  for  the  80/20  ratio  solution  was  consider¬ 
ably  lower  (2.0°  vs.  29.3®)  than  that  for  the 
100/0  ratio.  In  fact,  the  80/20  and  70/30  ratio 
solutions  had  such  a  great  affinity  for  the  oxide 
surfaces  that  complete  coverage  over  the  whole 
oxide  face  by  sol  solutions,  thereby  producing 
uniformly  .sintered  coating  films  under  the  pre-heat 
treatment  at  150®C,  was  observed. 

Figure  5  shows  SEM  micrographs  for  the 
l50®C-sintered  100/0,  80/20.  and  70/30  ratio 
samples  after  pyrolysis  for  30  min  at  350  “C.  As 
expected,  the  surface  microstructure  of  the  100/0 
ratio-coating  film  (fig,  5(a))  is  discontinuous.  Im¬ 
provements  in  the  film  of  the  80/20  ratio  sample 
can  be  seen  in  the  SEM  micrograph  (fig,  5(b)). 
Although  there  were  a  few  propagated  micro- 
cracks  with  a  flow  width  of  *  2  gm,  there  was  no 
evidence  of  film  discontinuity,  nor  of  the  sep¬ 
aration  of  the  film  from  the  substrate.  By  contrast, 
the  surface  microstruciure  for  the  70/30  ratio-re- 
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Fig.  4.  Effect  of  Ge(OC,H  5)4  on  improvemenl  of  sol  solution- 
wettability  of  Al  surfaces.  The  line  is  drawn  to  connect  data 
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lated  PGS  coatings  (fig.  5(c))  had  developed 
numerous  and  wide  cracks  which  are  indicative  of 
large  stresses. 

The  adhesion  at  the  interface  and/or  inter- 
phase  between  the  PGS  and  the  aluminum  o.xide 
is  also  an  important  factor  contributing  to  good 
film- forming  behavior  and  to  protection  against 
corrosion.  Since  adhesion  is  a  local  phenomenon 
involving  only  a  few  atom  layers  of  film  and 
substrate,  the  high-resolution  XPS  spectrum  of  the 
Gejj  signal  was  obtained.  To  set  a  scale  in  the 
XPS  spectra,  the  binding  energy  (BE)  was 
calibrated  with  the  hydrocarbon- type  carbon 

peak  fixed  at  285.0  eV.  A  curve  deconvolution 
technique  was  employed  to  find  the  respective 
chemical  components  from  the  high- resolution 
spectrum  of  element,  and  to  determine  the  relative 
quantity  of  each  particular  chemical  state.  The 
80/20  raiio-PGS  films  suitable  for  XPS  analy.ses 
were  prepared  on  etched  substrates  in  the  follow¬ 
ing  way;  a  0.2%  sol -precursor  solution  in  de¬ 
ionized  water  was  deposited  over  the  sub.sirate 
.surfaces  by  spin-coating  at  1000  rpm,  and  then  the 
samples  were  healed  lor  20  h  at  150°C  lo  produce 
a  sintered  film.  The  pvrolytic  conversion  of  the 


64 


T.  Su^iomo  el  a/.  /  Pyroi^enic  poiy^^ermanosihxane  t  oaiin^s  for  aiumtnuM  substrates 


Fig.  5.  SEM  micrographs  for  350“Opyroiyzed  (a)  100/0.  <b)  80/20.  and  (cj  70/30  TSPl/<je(OC»  1^5)4  ratio  coaung  films. 


sinieretl  film  into  the  PCS  film  was  accomplished 
by  annealing  for  30  mm  at  350'*Cl  the  resulting 
interfaces  were  examined  using  XPS.  For  the  pur¬ 
poses  of  comparison,  a  0.2%  Ge(OC2H5)4-sal 
solution  in  deionized  water  without  TSPI  was 
deposited  on  the  A1  oxide  surfaces,  and  then  pvro- 
lyzed  at  350° C  to  produce  a  thin  Ge-based  com¬ 
pound  film 

The  thickness  t>f  PCS  and  Ge-compound  films 
made  by  this  method  were  thin  enough  to  permit 


the  photoemission  signal  from  the  underlying 
aluminum  substrates  to  be  detected.  Figure  6  gives 
the  germanium  3d  specira  for  the  PGS  film  surface, 
and  PGS/aluminum  oxide  and  Ge  compound/ 
aluminum  oxide  interfaces.  The  Ge,j  region  for 
the  PGS  film  (fig.  6(a))  reveals  two  resolvable 
Gau.ssian  components  at  BE  of  33.0  and  51.9  cV. 
corresponding  to  the  Ge  originating  from  the  Si- 
O-Ge  linkages  as  the  major  component,  and  the 
Ge  in  germanium  oxides  as  a  minor  pha.se.  re.spcc- 
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Fig.  6.  Ge,j  specira  onginaiing  from  (a)  PGS  surface,  and  (b) 
PGS/aluminum  oxide,  and  (c)  Oe  compound/alutninum  oxide 
interfaces.  The  i-ertical  lines  are  drawn  to  indicate  the  positions 
of  peaks  of  spectral  components. 

lively  [9).  By  comparison,  ihe  signal  feature 
(fig.  6(b))  emerging  from  ihe  critical  interfacial 
zones  of  PGS/Al  oxide  indicated  the  appearance 
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of  new  component  ai  a  low  BE  site  uf  jO.6  eV. 
with  the  principal  and  shoulder  lines  of  Si-O-Ge 
and  germanium  oxide  germaniums  still  pre.sent. 
To  assign  this  new  peak,  we  investigated  the  Ge 
compound/ Al^Oj  interface  induced  by  the  pyro¬ 
lytic  interaction  between  the  hydroxylated  Ge 
compounds  (sol-precursor  solution)  and  the  AUOt 
substrates  (fig.  6(c)).  The  resulting  curve  contains 
a  major  line  at  30.6  eV  and  a  minor  one  at  31.9 
eV.  We  suggest  that  the  new  peak  at  30.6  eV  is 
due  to  =Ge-0-Al  (on  the  AUO,  surfaces)  in  the 
interaction  products. 

The  PGS  coatings  were  denved  from  the  sol 
composition  systems  (see  table  1).  The  corrosion 
data  were  obtained  from  the  polarization  curves 
for  PGS-coated  aluminum  samples  exposed  in  an 
aerated  0.5M  sodium  chloride  solution  at  25 °C. 
The  typical  cathodic-anodic  polarization  curves 
exhibited  a  short  Tafel  region  in  the  cathodic 
polarization,  but  no  Tafel  region  was  found  at  the 
anodic  sites.  To  evaluate  the  protective  perfor¬ 
mance  of  coatings,  the  corrosion  current. 
was  measured  by  extrapolation  of  the  cathodic 
Tafel  slope. 

Figure  7  illustrates  the  variation  in  value 
of  Al  substrate  as  a  function  of  the  ratio  of 
TSPI/Ge(OC2H5)4  in  the  precursor  sol  solution. 
The  values  decrease  with  increased  propor¬ 
tion  of  GefOCjH,),  up  lo  20  wt%;  beyond  thus 
fraction,  there  was  a  slight  increase  in 
70/30  ratio  coating  sample.  The  value  of 
8.7  X  10“*  for  the  80/20  ratio  PGS  coalings  was 
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approximately  wo  orders  of  magnitude  less  than 
that  for  the  germanium  oxtde-uncross-linked 
polysiloxane  coatings  (100/0  ratio).  The  effect  of 
film  thickness  of  80/20  ratio  coatings  on  the 
decrease  in  value  was  also  investigated.  The 
hoTt  values  for  the  PCS  coatings  ranging  from 
1.5  X  10“'  |im  to  10  gm  are  shown  in  fig.  8. 

4.  Discussion 

From  the  results  of  the  IR  analyses  (see  figs.  2 
and  3),  the  following  points  can  be  made  In 
sintering  sol  systems  consisting  of  organosilanol 
contatning  Cl-substituted  end  groups  and  Ge 
(OHlj  in  alcoholic  aqueous  media,  the  OH  groups 
in  Ge(0H)4  preferentially  react  with  Cl  in  the 
chlonnated  organosilanol  to  promote  dehydro- 
chlorinating  condensation,  rather  than  with  OH  in 
Ge(OH)4  and  -SifOH)^  [1].  Since  the  Si-O-Si 
linkages  also  form  in  l50“C-sintered  samples,  the 
dehydrating  condensation  reactions  between 
neighboring  silanol  in  the  chlorinated  organo¬ 
silanol  yield  a  polymeric  siloxane  structure  [2]. 
The  combination  of  such  condensation  reactions 
lead  to  the  conformation  of  network  structures  of 
germanium  oxide-cross- linked  organosiloxane.  At 
the  pyrolytic  temperature  of  350  °C,  the  removal 
of  carbonaceous  groups  from  these  cross-linked 
structures  contnbutes  to  their  conversion  into  the 
inorganic  PGS  network  structures  containing  al¬ 
dehydes  as  pyrogenic  by-products.  The  amount  of 
aldehyde-type  by-products  remaining  in  the  pyrol¬ 
ysis-induced  inorganic  phase  depends  primarily  on 
the  proportion  of  TSPl.  This  finding  is  reflected 
directly  in  the  results  of  TGA-DTA  analysis; 
namely,  the  weight  loss  of  the  GefOCjH 5)4- mod¬ 
ified  TSP!  samples  during  pyrolysis  was  much 


lower  than  that  of  unmodified  TSPl.  The  complete 
elimination  of  aldehyde  by-products  can  be 
achieved  by  increasing  the  temperature  to  500  “C. 
On  the  other  hand,  although  a  high  proportion  of 
GelOCjH,)^  in  the  Ge(OC2H5)4-TSPl  systems 
produces  a  low  amount  of  aldehydes,  the  incorpo¬ 
ration  of  a  large  amount  of  Ge(OC2H5)4  resulted 
in  the  formation  of  the  crystalline  GeO,  as  a 
pyrogenic  by-product  in  the  amorphous  PGS 
layers. 

We  propose  the  hypothetic  model  of 
sintering-pyrolyzing  processes  for  the  formation 
of  a  PGS  network,  as  shown  at  the  bottom  of  this 
page.  When  the  so!  precursor  system  is  applied  as 
a  practical  sol  'paint’  to  the  surface  of  the  Al 
substrate,  good  wettability  of  the  Al  surface  be¬ 
comes  an  important  factor  in  fabricating  a  con¬ 
tinuous,  uniform  sintered  coating  film.  As  de¬ 
scribed  in  the  lSPI/Ge(OH2H5)4  ratio-contact 
angle  relations  (see  fig.  4),  an  increase  in  propor¬ 
tion  of  Ge((Xi!2H5)4  in  the  precursor  systems 
resulted  in  better  spreading  of  the  sol  solution 
over  the  aluminum  oxide  surfaces.  With  regard  to 
the  acid-base  interactions  of  surface  hydroxyl 
groups,  Bolger  (10]  and  Fowkes  [11]  report  that 
hydrous  aluminum  oxides  existing  at  the  outer¬ 
most  surface  layer  of  FPL-etched  Al  substrates 
have  a  strong  chemical  affiruty  with  the  polar  OH 
groups  in  the  adhesive,  so  forming  hydrogen 
bonds.  Because  the  HCl-catalyzed  hydrolysis  of 
GefOCjH^lj  induces  the  formation  of  hydroxyl- 
ated  Ge  sol,  a  possible  interpretation  for  the  en¬ 
hanced  wetting  of  the  Al  substrate  by  sols  with  a 
high  proportion  of  Ge(OC2H,)4  is  that  there  is  an 
increase  in  total  OH  groups  in  the  precursor  solu¬ 
tions.  However,  once  all  available  functional 
groups  of  aluminum  oxide  faces  are  occupied  by 
polar  OH  groups  in  the  sol,  the  presence  of  ad- 


Ge(OH)4+  Cl  — (CHjlj  — SifOH), 
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clitional  OH  groups  do  not  promote  wetting  and 
Spreading  of  the  sol  solution.  In  fact,  we  found  no 
significant  difference  between  the  contact  angles 
of  80/20  ratio  and  70/30  ratio  sols  (fig.  4), 

An  inspection  of  350'“  C  pyrolysis- induced 
coating  films  using  SEM  revealed  discontinuities 
in  the  lOO/O  ratio  coating.  These  discontinuities 
were  not  only  caused  by  the  poor  diffusive  behav¬ 
ior  of  the  lOO/O  ratio  precursor  solution  on 
aluminum  oxide,  but  was  also  due  to  the  presence 
of  large  amounts  of  pyrogenic  by-products.  The 
incorporation  of  excessive  amount  of  Ge.  espe¬ 
cially  GeOj-related  Ge,  into  the  PG.S  films  caused 
the  development  of  a  large  number  of  cracks  in 
the  films.  This  finding  agrees  with  that  of  our 
previous  study  on  polytitanosiJoxane  coating  [1]; 
the  growth  of  crystalline  GeOj  particles  in  the 
amorphous  polymer  phases  has  a  detrimental  ef¬ 
fect  on  the  formation  of  the  film  coating.  Further, 
such  films  have  a  thermal  expansion  which  differs 
from  that  of  the  AI  substrate,  and  adheres  poorly 
to  aluminum  oxides.  Thus,  it  is  clear  that  the 
proper  proportions  of  TSPl  to  GefOCjH,)^  are 
an  important  factor  in  forming  a  good  film  We 
found  that  the  80/20  was  the  most  effective  ratio 
of  TSPl  to  GefOCjH,),,  for  the  sol-precursor 
system. 

The  structure  of  the  PGS- aluminum  oxide  in- 
terfacial  bond  is  one  of  the  important  parameters 
contributing  to  better  protection  of  .Al  substrates 
against  corrosion.  For  the  purpose  of  supporting 
the  results  obtained  from  the  XPS  Ge^j  spectra 
(fig.  6),  the  additional  Sijp,  Aljp,  and  0,^  core 
level  spectra  were  also  explored.  In  our  assign¬ 
ments  of  the  peaks  in  the  Sijp,  Al^p  and  O,, 
regions,  we  used  the  polysiloxane  (PS),  poly- 
aluminosiloxane  (PAS)  and  GeO^-Al^O;,  com¬ 
pounds.  as  reference  samples.  PS  was  synthesized 
by  the  condensation-pyrolysis  reaction  of  the 
sol-precursor  solution  consisting  of  47  wi%  TSPl. 
28  wt%  CHjOH.  1'5  wt%  water  and  6  wt%  HCl. 
Using  the  same  synthesis  methods,  the  pyrogenic 
PAS  and  GeO^-AUQ,  compounds  were  derived 
from  the  following  different  precursor  systems;  (1) 
20  wt%  TSPl.  20  wt%  Al(OC,H,)v  25  wt% 
CH.|OH.  17  wt%  water  and  18  wt^  HCl,  and  (2) 
20  wife  Ge(0C,H04.  20  wt^  AKOCjH.,),,  25 
wt%  CH;,OH.  17  wi%  water  and  18  wt^  HCl. 


Table  2 


Positions  oi'  XPS  (tfftfrente  peaks  in  $12^. 
for  ihe  standard  compounds 

Al2p,  and  Oi,  lesions 

Compound 

Active 

group 

(«v> 

Al:a 

(eV) 

Ou 

(eV) 

PS 

Si-O-Si 

102,8 

532.4 

PAS 

Si-O-Al 

101.6 

74.0 

531.3 

Ge02  -  .AI2O3 

Gtf-O-AI 

- 

73.2 

530.9 

GeO: 

- 

- 

539,4 

auo’j 

- 

- 

74.  > 

531.7 

respectively.  In  addition,  the  aluminum  oxide 
(AHOj)  and  germanium  (IV)  oxide  tGeO.;i  of 
chemical  reagent  grades  (supplied  by  .Alfa)  were 
also  employed  as  reference  compounds.  The  prin¬ 
cipal  peak  positions  from  the  Si^p,  AUp  and  O,, 
spectra  of  the  main  group  in  the  these  reference 
compounds  are  summarized  in  table  2.  Thus,  the 
chemical  components  and  the  groups  for  each 
peak  in  the  XPS  curve  were  identified  in  accor¬ 
dance  with  the  reference  peaks  and  with  published 
data.  The  observational  error  between  the  peak 
positions  of  reference  and  test  samples  was  ±0.2 
eV. 

The  Si,p  region  of  the  spectrum  from  the  surface 
of  bulk  PGS  (fig,  9(d))  indicates  the  presence  of 
the  major  peak  at  102,8  eV  and  the  shoulder  at 
101.6  eV.  The  principal  line  at  102.8  eV  reveals  Si 


(fl 

f- 

Z 

3 

> 

a 

< 

a. 

I- 

o 

a; 

< 


Si 


/ 


6.  - 


/  i 

//\ 

//K. 


107  105  103  101  99  97 


BINDING  ENeRGY,  eV 

Fcg.  V.  .si,p  .ipeciru  ,>fcginating  fnim  (Jl  P(:i.S  .iurlste.  .imi  it) 
P<  iS/4luminum  oxije  in«r(,>ce.  The  vcrtital  line.s  4re  drawn  in 
indie^ie  the  p».^ilii>ns  of  peaks  of  speriral  tomponenis. 


68 


T.  Su^iima  ei  ai  /  Pyrogenic  poly%ermanosiioxane  coatings  jor  aUtmmum  substrates 


rs  re  74  72  70 

BINDING  ENERGY,  oV 


Fig.  10.  AI2P  region  of  (g)  FPL-etched  aluminuin  substrate 
surface,  (h)  Ge  compound/ aiuminum  oxide,  and  (i) 
PGS/aluminum  oxide  interfaces.  The  vertical  lines  are  drawn 
to  indicate  the  positions  of  peaks  of  spectral  components. 


in  the  siloxane  bonds  [12],  Since  the  line  around 
101.6  eV  is  due  to  the  Si  in  the  Si-O-metat 
linkages  [2,13],  it  is  reasonable  to  assume  that  the 
shoulder  at  the  position  of  101.6  eV  is  due  to  the 
Si  belonging  to  Si-O-Ge  bonds.  Although  a  spec¬ 
tral  feature  similar  to  that  of  the  bulk  PGS  was 
observed  in  a  PGS-aluminum  oxide  interfacial 
boundary  (fig.  9(e)),  the  peak  at  101.6  eV,  emerg¬ 
ing  from  some  interfacial  areas  may  be  due  to  two 
Si  components  joined  to  the  metal  oxides;  one  is 
Si  bonded  to  the  aluminum  oxide  substrates,  and 
other  is  that  of  the  Si-O-Ge  in  PGS.  For  the  Al,p 
core  level  spectra  (fig,  10),  the  Al  substrate  in  fig. 
10(g)  reveals  only  a  symmetric  single  peak  at  74.4 
eV.  corresponding  to  the  Al  in  AGO,.  The  Al,p 
feature  (fig.  10(h))  emitted  from  the  Ge  com¬ 
pound/aluminum  oxide  interphase  regions  is 
charactenzed  by  an  emerging  shoulder  at  73.3  eV. 
According  to  the  reference  peaks,  this  shoulder  is 
attributed  to  Al  from  the  Gc-O-Al  linkages.  Fol¬ 
lowing  the  deposition  of  a  thin  PGS  film  on  the 


AGO,  surfaces,  the  AGp  regions  (fig.  I0(i))  indi¬ 
cate  the  presence  of  three  resolvable  components 
at  74.4,  73.8,  and  73.3  eV,  due  to  ,A1  in  .AGO,. 
Si-O-Al,  and  Ge-O-Al  linkages,  respectively. 
From  comparisons  between  the  intensities  of  two 
shoulder  peaks  at  73.8  and  73.3  eV,  the  bond 
structure  formed  at  the  PGS/ AGO,  interfaces  is 
the  Si-O-Al  linkage,  rather  than  with  the  Ge-O- 
Al.  By  comparison  with  the  spectral  feature  of 
AGO,  (fig.  n(j)),  a  broad  spectral  feature  which 
obviously  contains  at  least  three  components  can 
be  seen  in  the  oxygen  Is  region  of  Ge  compound/ 
AGO,  interfaces  (fig.  ll(k)).  The  secondary  in¬ 
tense  peak  at  531.0  eV  is  assigned  to  the  bndgtng 
oxygen  in  the  Ge-O-Al  linkages;  by  contrast,  the 
weak  line  at  the  position  of  529.4  eV.  which  is  !  .5 
eV  lower  than  that  of  the  bridging  oxygen,  is  due 
to  the  non-bridging  oxygen  in  the  germanium 
oxides.  The  O,,  spectrum  of  the  PGS  surfaces  (fig. 
11(1))  contains  three  components  which  are  attri¬ 
buted  to  three  oxygen  compounds  at  532.5,  531.5, 
and  529.4  eV.  Tlie  two  strong  lines  at  532.5  and 
531,5  eV  are  due  to  the  bridging  oxygens  in  the 
Si-O-Si  and  Si-O-Ge  [14],  respectively.  Al¬ 
though  the  number  of  components  is  very  small,  it 
is  evident  from  the  weak  shoulder  at  529.4  eV  that 
the  non-bridging  oxygen  in  the  GeO,  is  present  on 
PGS  surfaces.  For  the  PGS/AGO,  interfaces  (fig. 
ll(m)),  the  intensity  of  the  non-bridging  oxvgen 
peak  is  conspicuously  reduced,  while  a  new  peak 
appeares  at  531.2  eV.  representing  oxygen  in  an 
interfacial  oxane  bond  bridging  between  the  PGS 
and  AGO,.  The  formation  of  an  interfacial  oxane 
bond  involves  both  =Si-0-Al  as  a  major  struc¬ 
ture  and  sGe-O-Al  as  a  minor  one.  Thus,  the 
interfacial  covalent  bond  structure  such  as  s  M(Si 
and  Ge)-0-Al  (on  the  surface  of  substrate)  fovms 
at  the  interfaces  between  PGS  and  aluminum. 
Also,  we  note  that  the  peak  near  531.5  eV  is  due 
to  oxygen  in  either  the  AGO,  or  the  Ge-O-Si 
bond. 

Three  major  factors  are  responsible  for  mini¬ 
mizing  the  development  of  stress  cracks  by  shrin¬ 
kage  of  pyrolyzed  PGS  films;  (1)  spreadabilitv 
and  mobility  of  GetOCH, )j-modificd  TSPl  sol 
solution  on  aluminum  oxide  surfaces.  (2)  cross- 
Imking  of  germanium  oxides  between  polvsiloxane 
chains,  and  (3)  formation  of  PGS-aluminum  in- 
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Fig.  11.  O,.^  tore  level  tspectra  for  (j)  etched  aluminum  sub¬ 
strate.  (k>  Ge  compound/aluminum  omde  interface,  (1)  PGS. 
and  (m)  PGS/ aluminum  oxide  interface.  The  vertical  lines  are 
drawn  to  indicate  the  po,silion.s  of  peaks  of  spectral  compo¬ 
nents. 


lerfacial  chemical  btmd.s.  These  factors  not  onlv 
contribute  to  good  film-forming  behavior,  but  also 
directly  affect  ihe  corro.sion  protection  of  alumi¬ 
num  substrates. 

.As  reported  by  .several  inve.stigator,s  [15-17]. 
the  localized  corrosion  (pitling-type  corrosion)  of 
Al  alloys  in  aqueous  media  containing  NaCI  elec¬ 
trolyte  occurs  in  three  steps:  (1)  ad.sorption  of 
reactive  anions  such  as  Cl“  and  OH',  on  the 
aluminum  oxides:  (2)  chemical  reaction  of  the 
adsorbed  anions  with  .Al  ion  in  the  aluminum 
oxide  lattice:  and  (,3)  di.ssolution  of  the  colloidal 
reaction  products.  Particularly,  the  low  rate  of 
ad.sorption  of  reactive  anit>ns  plays  an  essential 
role  in  inhihiting  the  corrosion  of  Al  substrate. 
Since  OH  ’  n^ns  are  generated  by  cathodic  reac- 
tum  of  Al  with  atmospheric  reacltrnt.s  such  as  O. 
and  H.O.  2H  ,0 O, -(- 4e  -40H-.  the  corro¬ 
sion  current.  determined  on  the  cathodic 

curve  lor  PCiS-ctialcd  .\i  samples  was  evaluated  to 
estimate  the  rate  ttf  OH  ad.sorption  into 
aluminum  ttxidcs:  a  decrea.se  in  1^^^^  corresponds 


lo  a  low  rate  of  adsorption  of  OH”  ions.  In  other 
words,  good  coverage  of  PGS  coating  films  over 
.Al  is  shown  by  a  decrease  in  /„,rr-  becau.se  of  the 
low  penetration  rate  of  O,  and  H,0  reaciant.s 
which  pas.s  through  the  PGS  film.  The  lowe.st 
for  the  Al  samples  coated  with  various  ratios  of 
TSPI/GefOCTHjlj  was  observed  for  the  80/20 
PGS  sample.  The  reason  for  the  sliglii  increase  in 
the  70/.50  ratio  sample  <see  fig.  7)  is  mainly  a,sso- 
ciated  with  the  presence  of  many  microcracks  in 
the  film,  compared  with  that  of  the  80/20  sample, 
thereby  reducing  proiecuon  against  corrosion.  It  i.s 
clear  that  a  PGS  coating  derived  from  the  proper 
ratio  of  TSPf  to  GejOC.HOa  provides  an  effec¬ 
tive  barrier  to  the  corrosion  of  Al  substrate.  The 
film  thickness  of  PGS  also  inlluences  the  rate  of 
penetration  of  reactants.  The  of  thick  PGS 
coating  (see  fig.  8),  around  13  gm,  was  approxi¬ 
mately  one  order  of  magnitude  less  than  that  for 
the  thin  film  of  1.5  x  10'‘  jam. 

5,  Conclusions 

We  can  make  the  following  generalized  conclu¬ 
sions  from  our  study.  Al  the  interlacial  contact 
zones  between  the  sol- precursor  solution  and  the 
FPL-etched  aluminum  (Al)  substrate,  the  magni¬ 
tude  of  wetting  of  Al  surfaces  by  the  sol  .solution 
con.sisting  of  N-[3-(inethoxystly()  propyij-4.5.-di- 
hydroimidazole  (TSPI).  HCl,  CH,OH,  and  water 
was  improved  by  incorporating  a  proper  amount 
of  Ge(OC,H^)4  into  the  sol  media;  this  selection 
resulted  in  a  uniform  covering  of  the  substrate 
surfaces  by  the  sol  phase.  During  sintering  of  the 
sol  pha.ses.  a  particular  characteristic  of  Ge 
(OCi HGx'modified  TSPI  coating  materials  was 
the  formation  of  organo  polygermanosiloxane 
.Structures  containing  Si-O-Ge  bonds  at  the  rela¬ 
tively  low  lemperaiure  of  150  °C.  The  350  °C- 
ireatments  of  these  organic-inorganic  structures 
produced  an  uinorphou.s  polygermamksiloxane 
(PCjS)  network  that  had  a  good  coating  perfor¬ 
mance.  Further,  the  interactum  between  the  PG.S 
and  the  .Al  substrate  induced  the  formation  of 
covalent  oxane  bonds  at  tlie  mierface.s.  PGS  eo;it- 
ing  provides  good  corrt'sioti  protection  to  Al 
against  salt  solulu>ns 
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We  invesligaled  ilie  vulnerabiluy  ol'  pyrogenic  polyiiianosiloxane  I  PTS  1  coatings  lo  attack  by  I  0  M  NaOH  and  1 ,0  VI  K 'Si  ■■■., 
solutions.  Exposure  to  NaOH  caused  breakage  ol'  the  Si-O-Si  bond,  thereby  producing  water-soluble  Na-rclaied  silicate  ano 
hydroxylaied  silicon  compounds.  The  I’ormation  ol  such  reaction  producls  severely  damaged  the  coatings.  Ouring  ireaimer.i  wnh 
H^SOj.  SO;“  preferentially  reacts  with  the  TiO;  formed  in  rT.S  layers,  rather  than  with  the  Si-O-Si  and  Si-O-Ti  imkage.s.  The 
formation  of  water-soluble  titanium  sulphate  in  this  reaction  led  lo  pilling  of  the  coatings. 


1.  Introduction 

.^s  a  pre-ceramic-iype  polymer,  polyiiianosiloxane 
(PTS)  can  he  synthesized  through  ihe  hydrolysis- 
dehydrochlorinaiing  and  dehydrating  condensation- 
pyrolysis  reactions  of  a  sol-gel  precursor  solution 
consisting  of  monomeric  organosilanes.  such  as  3- 
glycidoxypropyllrimelhoxysUane,  3-aminopropyltn- 
meihoxysilane,  and  N- [3-(  iriethoxysilyl  )propyl  ]- 
4,5-dihydroimidazole  as  network-forming  materials, 
the  titanium  (IV)  alkoxides,  Ti(OR)j  (where  R  is 
C.Hj  and  CyH,),  as  crosslinking  agents,  hydrochlo¬ 
ric  acid  as  a  hydrolysis  accelerator,  and  methanol  and 
water  [I].  The  assembled  PTS  conformation  was 
characterized  as  representing  a  Ti  oxide-crosslinked 
polysiloxane  network,  having  Si-O-Ti  and  Si-O-Si 
bonds. 

Because,  PTS  has  a  good  film-forming  perform¬ 
ance.  excellent  adhesion  to  metal  oxides  and  high- 
temperature  stability,  we  consider  that  this  polymer 
IS  applicable  as  an  oxidation  and  corrosion  resis¬ 
tance  coating  on  the  metal  substrates,  particularly  on 
low-melling-poini  metals  such  as  aluminum  and 

*  This  work  wus  performed  under  the  auspices  of  the  IJ.S.  De- 
panmeni  ul'Energy.  Washington.  D.C.  under  ("oniraci  No.  DE- 
^(.■03-7h<.'H()0l)l 6.  and  supporied  by  ilic  l.'.S,  -krmy  Rc- 
scarcl)  l.)fficc  program  MIRK- AR(3- 1 03-9(1 
.Also  ai:  C  'liemislry  Department.  I  Iniversily  of  Virginia.  C  har- 
lollesville.  VA  33901.  USA. 


magnesium  alloys  [2].  Ceramic  coatings  on  metal 
alloys  have  not  yet  been  widely  employed  for  several 
reasons:  (  I  )  many  coatings  must  be  applied  and  pro¬ 
cessed  at  high  temperatures  (  >  lOOO'C).  using  e.\- 
pensive  and  time-consuming  methods  such  as  chem¬ 
ical  vapor  deposition,  (2)  many  coalings  adhere 
poorly  to  metal  oxides,  and  (3)  many  coalings  lack 
a  thermal  e.xpansion  coerficieni.  The  latter  two  prob¬ 
lems  can  result  in  the  separation  of  the  ceramic  film 
from  the  substrate. 

.Although  pre-ceramic  PTS  coaling  appears  to  be 
suitable  as  a  coaling,  its  susceptibility  to  acid-  and 
alkali-induced  degradations  after  exposure  to  an  ex¬ 
tremely  aggressive  corrosive  fluid  at  elevated  tem¬ 
perature  has  not  been  studied.  .Accordingly,  our  ob¬ 
jective  in  the  present  study  was  to  explore  the 
chemical  and  topographical  changes  of  PTS  film  sur¬ 
faces  exposed  to  1.0  M  H.SOj  and  1.0  M  NaOH  so¬ 
lutions  at  temperatures  up  to  80'  C.  Information  was 
obtained  using  X-ray  phoioeleciron  spectroscope' 
(XPS)  and  scanning  electron  microscopy  (SEM  ).  in 
conjunction  with  energy-dispersive  X-ray  (EDX) 
analysis. 

2.  Experimental 

The  N-[  3-{  ti'icthoxysilN'l ) propyl  ]-4.j-di hydroim¬ 
idazole  (TSPl).  supplied  by  Petrarch  Systems  Ltd.. 
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was  selected  from  several  network- forming  mono¬ 
meric  organoalkoxysilanes.  The  titanium  (IV) 
ethoxide  employed  as  crosslinking  agent  was  sup¬ 
plied  by  .Alfa  Products.  The  film-forming  mother  liq¬ 
uor,  which  served  as  the  precursor,  was  prepared  by 
incorporating  the  TSPI-Ti(OC2H5)<  mixture  into  a 
methyl  alcohol/waiermix  containing  an  appropriate 
amount  of  HCl.  The  composition  of  the  precursor 
solution  expressed  in  wt%  was  TSPI,  37: 
Ti(OC:H,)4,  9;  CHjOH.  28;  water,  19;  and  HQ.  7. 
The  metal  substrate  used  in  the  experiments  was 
2024-T3  clad  aluminum  sheet.  We  coated-  the  alu¬ 
minum  surfaces  with  the  precursor  solution  in  the 
following  way.  The  aluminum  substrate  was  dipped 
into  the  precursor  solution  at  ambient  temperature, 
then  withdrawn  slowly  from  the  soaking  bath,  after 
which  the  .substrate  was  preheated  in  an  oven  for  20 
h  at  1 50°  C  to  yield  a  sintered  coating.  Although  some 
thermal  distortions  of  substrate  may  occur,  the  sam¬ 
ples  were  annealed  for  30  min  at  350''C. 

X-ray  photoelectron  spectroscopy  (XPS)  was  used 
to  study  the  changes  in  surface  chemical  components 
and  states  for  the  PTS-coating  films  after  exposure 
for  20  min  to  aqueous  1 .0  M  NaOH  and  1 .0  M  H2SO4 
at  25  and  at  80°C.  The  surface  microstnicture  and 
elements  of  the  exposed  films  were  observed  with 
scanning  electron  microscopy  (SEM)  in  conjunction 
with  energy-dispersive  X-ray  (EDX)  analysis. 


3.  Results  and  discussion 

Table  1  summarizes  the  changes  in  elemental  com¬ 
positions  for  the  PTS  surfaces  after  exposure  to 
NaOH  and  H2SO4  solutions.  By  comparison  with 
unexposed  controls,  the  chemical  changes  in  NaOH  - 


exposed  samples  were  characterized  by  the  removal 
of  a  certain  amount  of  Si  atoms  from  the  PTS  sur¬ 
faces,  while  the  concentration  of  Ti  increased.  The 
rate  of  elimination  of  Si  for  the  80°C  NaOH-ireaied 
samples  was  slightly  higher  than  that  of  sample  at 
25®C.  The  data  also  showed  that  a  remarkable  num¬ 
ber  of  Na  atoms  was  incorporated  into  the  outermost 
surface  sites.  The  H2S04-exposed  PTS  film  surfaces 
showed  distinct  differences  from  the  NaOH-treaied 
sutlaces,  namely,  a  decrease  in  Ti  concentration,  and 
the  inclusion  of  the  S  atom  as  an  additional  com¬ 
ponent,  while  maintaining  around  20%  Si.  A  further 
decrease  and  increase  in  Ti  and  S  atom  concentra¬ 
tions,  respectively,  occurred  when  ihe  film  was  e.x- 
posed  to  H2SO4  solution  at  80’ C.  These  data  clearlv 
verified  that  the  mechanism  of  alkali-induced  de¬ 
composition  of  PTS  surt'aces  is  quite  different  from 
that  caused  by  acid. 

To  obtain  more  detailed  information  on  the  mech¬ 
anisms  of  degradation,  we  examined  the  XPS  high- 
resolution  core-level  spectra  of  the  Si^p,  Tiip^,,,  Oi,, 
and  S2P  regions  on  the  PTS  coating  surfaces  exposed 
to  NaOH  and  H2SO4  solutions  at  80°C.  To  set  a  scale 
in  all  the  XPS  spectra,  the  binding  energy  (BE)  was 
calibrated  with  the  Cj,  of  the  principal  hydrocarbon- 
type  carbon  peak  fixed  at  285.0  eV  as  an  internal  ref¬ 
erence  standard.  .A  curve-deconvolution  technique 
was  employed  to  find  the  respective  chemical  com¬ 
ponents  from  the  high-resoiution  spectra  of  each  cle¬ 
ment.  and  to  determine  the  relative  quantity  of  each 
chemical. 

Fig,  1  shows  the  core-level  photoemission  spectra 
of  the  respective  elements  for  the  NaOH-exposed 
samples,  together  with  the  spectra  of  the  control  for 
comparison.  The  Silp  signal  denoted  as  curve  (a )  for 
the  control  could  be  resolved  into  two  Gaussian 


Table  1 

Changes  in  XPS  aiomic  composuion  of  PTS  surface  after  exposure  to  NaOH  and  H2SO4  solulions 


Environm«ni 

Atomic  conceniraiion  (%) 

Si 

c: 

N 

Ti 

0 

Na 

S 

control 

^2.2 

26.1 

5.8 

2.2 

42.8 

- 

- 

:5  C  NaOH 

I5.*l 

28.2 

■t.5 

6  6 

40.0 

5.3 

- 

SO  C  NaOH 

15.2 

2b.  7 

•J.l 

6.8 

4t.5 

5.7 

- 

25'CH,S04 

21.0 

27.9 

6.0 

2.8 

41.6 

0.7 

SO  r  H,SO, 

20.7 

27.5 

6.0 

2.4 

42.1 

- 

1.3 
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Fig.  I .  O,,  and  Ti>„„  core-level  spectra  for  PTS  coaling  sur¬ 

faces  before  la)  and  after  (b)  exposure  10  NaOH  solution  al 
80'C. 


components  at  102.8  and  101.6  eV.  The  former  peak, 
the  principal  surface  chemical  component,  reveals 
the  Si  in  the  siloxane  bonds  (Si-O-Si )  [2.3],  while 
the  latter  is  attributable  to  the  Si  belonging  to  the  Si- 
0-Ti  linkages  [2.4].  The  signal  feature  (b)  of  the 
NaOH-exposed  sample  is  strikingly  different  from 
that  of  the  control:  namelv,  a  new  principal  peak  has 
appeared  at  the  position  of  102.3  eV.  while  the  peak 
representing  the  Si-O-Si  bond  at  I02.<S  eV  has 
markedly  decayed.  .According  to  the  literature  [5]. 
this  new  peak  is  associated  with  the  formation  of  sil¬ 


icates.  Relating  this  to  the  fact  that  a  certain  amount 
of  Na  is  incorporated  into  the  NaOH-exposed  PTS 
surfaces,  it  is  possible  to  assume  that  the  silicates 
formed  correspond  to  the  Na-related  silicate  com¬ 
pounds  as  a  reaction  product,  yielded  by  the  attack 
of  NaOH  on  the  Si-O-Si  linkages.  The  asymmetric 
feature  of  Oi,  spectrum  for  the  control  (a)  can  be 
deconvolved  into  at  least  three  components  situated 
at  532.4.  531.3.  and  =5  529.4  eV,  The  major  com¬ 
ponent  at  532.4  eV  belongs  to  the  bridging  o\\gens 
binding  two  Si  atoms  (the  siloxane  bond ).  while  ihe 
Ti-bound  oxygen  in  the  Ti-O-Si  linkages  relates  to 
the  peak  emerging  at  531.3  eV  ]6].  .Assuming  that 
the  non-bridgmg  o.xygens  such  as  the  hydroxylated 
silicon  (Si-OH  )  are  present  at  the  PTS  surface,  ihe 
weak  peak  at  529.4  eV,  which  is  about  3.0  eV  lower 
than  that  of  the  bridging  oxygens  in  the  Si-O-Si.  is 
attributable  to  non-bridging  oxygens  [7]  -  The  inten¬ 
sity  of  this  non-bridging  oxygen  peak  increased  re¬ 
markably  as  the  coaling  film  was  exposed  to  NaOH 
(see  0|,  (b)  curve). 

The  curve  of  the  NaOH-exposed  sample  (b)  also 
showed  that  the  line  intensity  at  532.4  eV.  originat¬ 
ing  from  the  bridging  oxygen  in  Si-O-Si  bonds,  con¬ 
spicuously  decayed,  while  the  other  bridging  O  line 
(531.3  eV)  in  the  Ti-O-Si  linkages  was  converted 
into  the  major  oxygen  component.  In  the  Ti^p,..  re¬ 
gion.  the  control  (a  )  has  two  peaks;  the  main  line  at 
458.7  eV.  corresponding  to  the  titanium  in  ihe  Tl- 
O-Si  linkages,  and  the  minor  line  at  459  2  eV.  re¬ 
flecting  the  titanium  oxide  Ti  [8].  The  shape  of  ihe 
curve  of  the  NaOH-exposed  samples  (b  )  resembled 
that  of  the  conirol.  From  these  data,  we  conclude  that 
Ihe  hot  NaOH  solution  preferentially  reacts  wiih  ihe 
Si-O  bond  rather  than  the  Ti-O  bond.  As  described 
by  several  investigators  [9-11  ].  such  a  chemical  re¬ 
action  breaks  the  Si-O-Si  linkages.  The  mechanism 
of  bond  breakage  can  be  represented  as  follows; 

Si-O-Si  +  Na^  +OH  -  -Si-O'  Na "  -k  HO-Si  . 

Some  of  Na-related  silicate  compounds  generated 
may  be  dissolved  In  the  NaOH  aqueous  media,  be¬ 
cause  a  marked  elimination  of  .Si  atom  from  the  PTS 
surface  was  observed  for  the  NaOH-e.\posed  samples 
(see  table  I ). 

On  the  oiher  hand,  earlier  XPS  .sur\  ey  scans  olTlie 
H .S04-e\posod  sample  surfaces  suggested,  on  the 
basis  of  the  changes  in  atomic  compositions,  ihai  ilie 
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Fig.  2.  iTo,,,  and  S:^  regions  ibr  H^SOj-ireaicd  (e)  and  un- 
treaicd  (a)  PTS surfaces. 

noteworthy  elements  are  Ti  and  S  atoms.  Therefore, 
we  closely  inspected  the  Tijpj,,  and  S^p  regions, 
shown  in  fig.  2.  (n  the  Tijpj,,  region,  the  peak  feature 
(c)  of  HjSOa-lreated  PTS  surfaces,  compared  with 
that  of  the  control  (a),  was  characterized  by  a  con¬ 
siderable  attenuation  of  the  line  at  459.2  eV  origi¬ 
nating  from  Ti  in  the  TiO-,.  The  S^p  region  for  H3.SO4- 


ireated  surfaces  indicated  the  presence  of  the  peak 
emerging  at  the  BE  position  near  163.4  eV.  We  be¬ 
lieve  that  the  assignment  of  this  peak  is  due  to  the 
Formation  of  sulphate-related  compounds  [12|.  In 
correlation  with  a  decline  in  the  intensity  of  the  TiO; 
titanium  line,  it  is  reasonable  to  assume  that  the  sul¬ 
phate-related  compounds  formed  by  the  attack  of 
H:.S04  to  the  TiO,  are  associated  with  titanium  sul¬ 
phate  [Ti(SOj):]: 

TiO,  +  2H,  SO4  -  Ti  ( SO4 )  3  +  :  H,  O 

This  finding  can  be  supported  by  Tanabe  and  Va- 
maguchi’s  [13]  observations  of  the  role  of  the  cat¬ 
alytic  activity  between  the  SOi’  and  the  metal  ox¬ 
ides.  They  reported  that  a  high  caialyiic  reaction  can 
be  observed  from  the  SOs'/ZrO;.  /TiO,.  and  / 
Fe>Oj  systems:  by  contrast,  the  SOi”  /SiO,  and  / 
B:03  systems  show  no  catalytic  behavior. 

Fig.  3  is  a  SEM  micrograph  of  the  PTS  coatings 
before  exposure  to  the  NaOH  and  H3SO4  solutions. 
The  thickness  of  coating  film  determined  with  a  sur¬ 
face  profile  measuring  system  was  «  10  pm.  .A.s  seen 
in  the  SEM  image,  such  a  thick  film  adhering  to  the 


Fig.  .5.  SEM  micrograph  coupled  wiih  EDX  spccira  I'or  PTS  coaling  dcposiicd  10  jluminum  suhsiralc 
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substrate  causes  the  development  of  stress  micro- 
cracks  as  the  film  shrinks  during  the  volatilization  of 
carbonaceous  species  of  the  sintering  coating  film  at 
the  pyrolytic  temperature.  However,  a  crack-free 
coating  film  can  be  formed  if  the  film  thickness  is 
designed  to  be  under  2.0  pm.  EDX  data  coupled  to 
SEM  showed  the  presence  of  two  distinctive  phases 
in  the  surface;  ( I )  a  smooth  area  (a),  and  (2)  a 
rough  area  (b)  which  encompasses  a  circular  shape 
isolated  from  the  body  of  the  film.  Comparing  with 
that  of  area  (a),  the  EDX  spectrum  of  area  (b)  was 
characterized  by  showing  an  increased  intensity  of 
the  Ti  peak,  suggesting  that  area  (b)  has  a  higher 
concentration  of  Ti  than  area  (a).  Thus,  the  segre¬ 
gated  rough  area  is  explicable  as  an  amorphous  PTS 
layer  containing  a  certain  amount  of  TiO;. 

Dramatic  changes  in  the  surface  texture  of  the  film 
were  observed  from  coatings  exposed  to  SO^C-LO 
M  NaOH  solution  (see  fig.  4,  top ).  The  alkali  metal- 
induced  bond  breakages  of  Si-O-Si  linkages  in  the 
PTS  structure  not  only  result  in  a  significantly  in¬ 
creased  number  and  size  of  the  cracks,  but  also  in  the 
partial  separation  of  the  chipped  film  from  the  sub¬ 
strate.  EDX  inspection  of  damaged  area  (c)  shows 
the  presence  of  a  large  number  of  Si  and  Ti  atoms 
and  few  Na  and  Al  atoms.  Since  the  Al  signal  comes 
from  the  substrate,  NaOH-damaged  PTS  films  dis¬ 
play  discontinuous  features.  By  comparison,  no  sig¬ 
nificant  damage  of  the  film  was  observed  in  the 
SO'C-LO  M  HjSO^  exposed  sample  surfaces  (see  fig. 
4.  bottom ).  except  for  (he  appearance  of  localized 
pits.  The  EDX  spectrum  in  the  pitted  areas  (d)  in¬ 
dicated  no  signal  of  Ti  and  S.  We  believe  that  these 
elements  were  removed  due  to  the  dissolution  of 
water-soluble  titanium  sulphate  formed  by  (he  re¬ 
action  of  TiOi  with  H1.SO4. 


4.  Conclusions  " 

Pre -ceramic-type  poiyiiianosiloxane  (PTS)  coal¬ 
ing  films,  synthesized  through  the  hydrotysis-dehy- 


drochorinating-pyrolysts.  were  exposed  to  solutions 
of  NaOH  and  H2SO4  to  investigate  the  chemical  deg¬ 
radation  of  the  PTS  film.  The  magnitude  of  suscep¬ 
tibility  of  the  Si-0  link  to  NaOH-induced  bond 
breakages  was  significantly  higher  than  that  of  Ti-0 
in  the  PTS  network  structure  consisting  of  Ti-cross- 
linked  polysitoxane.  The  formation  of  water-soluble 
Na-re!ated  silicate  compounds  and  hydroxylated  sil¬ 
icon  compounds  from  the  reaction  of  NaOH  with  Si- 
O-Si  linkage  severely  damaged  the  PTS  film.  .Al¬ 
though  the  PTS  films  displayed  a  great  resistance  in 
H2SO4,  SO^'  ions  preferentially  reacted  with  TiO- 
formed  locally  into  the  amorphous  PTS  body,  rather 
than  with  the  Si-O-Si  and  Si-O-Ti  linkages,  The 
water-soluble  Ti  sulphate  compounds  yielded  in  this 
reaction  led  to  pitting  of  the  PTS  film. 
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Inorganic  amorphous  polymetallosiloxane  (PMS)  coating  films  on  aluminium  substrate  were 
produced  through  the  polycondensation-pyrolysis  reaction  mechanisms  of  a  sol-precursor 
solution.  The  precursor  solution  was  formed  by  HCI-catalysed  hydrolysis  of  a  mixture  of 
A/- [3-(triethoxysilyl)propyl] -4,5-dihydroimida20le  (TSPl)  and  ^(OCjH,)^,  (M  =  Zr,  Ti  and 
Al,  n  =  3  or  4).  The  TSPI/Zr(0C3H7)4  or  Ti(0C3H7)4  precursor  systems  formed  higher  quality 
thin  coating  films,  compared  to  the  /AlfOCjH,)  system.  This  was  because  of  the  critical 
formation  of  the  polyorganosiloxane  terminated  by  end  groups  containing  zirconium  and 
titanium  oxides.  These  end  groups  were  derived  by  a  dechlorinating  reaction  between  the  Cl, 
bonded  to  the  propyl  C  in  organosilane,  and  the  hydroxylated  Zr  or  Ti  compounds  in  the 
sintering  stages  of  the  film  production.  Good  film-forming  performance  resulted  from  moderate 
degrees  of  cross-linking  of  metal  oxides  to  polysiloxane  chains  and  of  the  densification  of 
metal  -0-Si  linkages  in  the  pyrolysis -induced  PMS  network.  In  addition  to  these  factors,  the 
formation  of  an  oxane  bond  at  the  interface  between  PMS  and  aluminium  provided  corrosion 
protection  for  the  aluminium  substrate. 


1.  Introduction 

In  the  previous  work  [!],  the  inorganic  polytitano- 
siloxane  iPTS)  polymers  were  synthesized  by  a 
ptilycondensation-pyrolysis  reaction  processes  of  sol- 
precursor  solution  systems  consisting  of  monomeric 
organosilanes.  TiiOC2H5)4,  methanol,  water  and  hy¬ 
drochloric  acid.  These  PTS  polymers  were  investi¬ 
gated  for  applicability  as  corrosion-resistant  inorganic 
polymer  coatings  for  aluminium  substrates.  .A  simple 
dip-coating  method  was  used  to  deposit  the  sol-pre- 
cursor  solution  layers  on  the  substrates  in  this  invest¬ 
igation  The  precursor  layer  was  converted  into  a 
sintered  coating  film  by  pre-heating  in  air  at  )00'’C, 
and  then  annealing  at  300  'C  to  form  the  pyrolysed 
PT.S  him.  Simple  dip-coating  technology,  a  practical 
application  method,  oflfered  the  following  two  major 
advantages:  (I)  the  possibility  of  placing  high-temper- 
alure-performing  inorganic  polymeric  coalings  on  low 
melting  point  meial  substrates,  and  (2)  the  ability  to 
coat  substrates  with  a  large  surface  area  hy  u  simple, 
inexpensive,  and  cthcieni  method  which  is  compaiible 
with  a  large-scale,  integrated,  continuous  proces.s  run 
at  relatively  low  temperatures  of  le.ss  than  400  C.  On 
the  other  hand,  a  serious  disadvantage  is  the  shrinkage 
of  PTS  films  caused  primarily  by  the  release  of  carbona- 
ccou.s  species  during  the  annealing  processes.  This  led 
to  the  development  of  stres.s  cracks  and  pits,  thereby 
resulting  in  poor  protection  behaviour  by  the  coatings. 


Although  the  cross-linking  ability  of  the  hydrox¬ 
ylated  Ti  compounds,  which  connect  polysiloxane 
chain.s,  suppresses  the  development  of  these  cracks,  it 
was  found  that  the  degree  of  the  shrinkage  depends 
upon  several  factors:  (1)  the  species  of  monomeric 
organosilane  used  as  a  starting  material,  (2)  the 
organosilane  lo  Ti(OC2H5)4  ratio.  (3)  the  densific¬ 
ation  of  Ti-O-Si  linkages,  and  (4)  the  number  and 
length  of  the  hydrocarbon  chains  connecting  Ti  and  Si 
in  the  sintered  polyorganosilane  that  contains  tita¬ 
nium  oxide  terminated  and  substituted  end  groups. 
The  most  effective  organosilane  precursor  for  forming 
PTS  coating  films  containing  fewer  stress  microcrack.s, 
was  iV-[3-ttnethoxysily0propyi]-4.5-dihydroimidazole 
(TSPl).  Thick  PTS  coalings  (thickness,  >  10  pm)  de¬ 
rived  from  the  appropriate  ratio  ofTSPI.'Ti(OC<Hj)4 
displayed  good  corrosion  proieciion  for  aluminium 
upon  exposure  to  NaCI  soluiions 

Detailed  studies  regarding  the  hydrolysis  activity  of 
the  HCl  caiaiyst  which  p(ays  an  important  role  in 
forming  the  metal  oxide  cross-linked  polysiloxane 
networks  and  in  altering  the  conformation  over  the 
temperature  range  100  -400  C  for  the  TSPl  -titanium 
alkoxjde  precursor  systems,  have  not  yet  been  per¬ 
formed.  Our  research  focused  on  ihe  use  of  other 
metal  alkoxide  species  such  as  .AKORlj  and  ZR(OR)4, 
(R  -CjH-|.  In  addition,  the  fabrication  of  thin  film 
(thickness  <  I  pm),  which  may  form  a  microcrack- 


IX>22  2461  (  /W  C  hapnuin  Ji  tlall 


1723 


free  coatings,  because  of  lower  rates  of  volatility  and 
pyrolysis,  was  also  considered. 

Accordingly,  the  objectives  in  the  present  study 
concerned  essentially  two  research  areas.  One  was 
to  study  the  thermal  behaviour,  polycondensation- 
pyroiysis  reaction  mechanisms,  and  the  reaction  pro¬ 
ducts  of  the  sintered  TSPI-metal  alkoxide  systems.  In 
the  second,  the  surface  and  interface  characteristics 
of  sol-derived  thin  films  as  a  corrosion-protective 
coatings  on  aluminium  substrates  were  evaluated. 

2.  Experimental  procedure 

2.1.  Materials 

The  .fV-[3-{triethoxysilyl)propyl]-4.5,-dlhydroimida- 
zoie  (TSPI),  was  used  as  a  network-forming  mono¬ 
meric  organoalkoxysilane.  The  metal  alkoxides 
employed  as  cross-linking  agent  were  aluminium, 
titanium(IV),  and  zirconium(iV)  isopropoxides. 

The  tilm-forming  mother  liquor,  which  served  as  the 
precursor  solution,  was  prepared  by  incorporating  the 
TSPI-MiOCjH.),,,  iM  =  Al.  Ti  and  Zr.  a  =  3  or  41 
mixture  into  a  methvl  alcohol.' water  mixing  medium 
containing  an  appropriate  amount  of  HCl.  In  order  to 
produce  a  clear  precursor  solution,  it  was  very  import¬ 
ant  to  add  the  HCl,  as  a  hydrolysis  accelerator,  to  the 
blending  material,  thereby  forming  a  uniform  coating 
film  on  the  metal  substrates.  The  mix  compositions  for 
the  precursor  solution  systems  used  in  this  study  are 
given  in  Table  1. 

The  metal  substrate  used  in  the  experiments  was 
2024-T3  clad  Al  sheet  containing  the  following  chem¬ 
ical  constituents:  92  wt  %  Al.  0.5  wi  %  Si,  0.5  wt  %  Fe, 
4.5  wt  %  Cu,  0.5  wt  %  Mn.  1.5  wt  %  Mg,  0.1  wt  %  Cr, 
0.25  wt  %  Zn,  and  0. 1 5  wt  %  others. 

The  oxide  etching  of  the  Al  was  carried  out  in 
accordance  with  a  well-known  commercial  sequence 
called  the  Forest  Products  Laboratory  (FPL)  process 
[2].  As  the  first  step  in  the  preparation,  the  surfaces 
were  wiped  with  acetone-soaked  tissues  to  remove  any 
organic  contamination.  They  were  then  immersed  in 
chromic-sulphuric  acid  (NajCr,0-.  2HiO:  H,S04: 
water  =  4:23:73  by  weight)  for  10  min  at  80  ’C.  After 
etching,  the  fresh  oxide  surfaces  were  washed  with 
deionized  water  at  30  C  for  5  min,  and  subsequently 
dried  for  15  min  at  50  ’C. 

Coating  of  the  Al  surfaces  using  the  sol  system  was 
performed  in  accordance  with  the  following  sequence. 
The  FPL-etched  Al  substrate  was  dipped  into  the 
precursor  solution  at  ambient  temperature.  The  sub¬ 


strate  was  then  withdrawn  slowly  from  the  soaking 
bath,  after  which  the  substrate  was  preheated  in  an 
oven  for  20  h  at  a  temperature  of  150'C  to  yield  a 
sintered  coating.  The  samples  were  subsequently 
annealed  for  30  min  at  350 '’C. 


2.2.  Measurements 

The  combined  techniques  of  thermogravimetric  ana¬ 
lysis  (TGAl,  infrared  ifR),  X-ray  powder  diffraction 
(XRD),  and  X-ray  photoelectron  spectroscopy  (XPS) 
were  used  to  obtain  fundamental  data  regarding  the 
condensational  and  pyrolytic  changes  in  conforma¬ 
tion,  surface  and  interface  chemical  components  and 
states,  as  well  as  the  degree  of  network  cross-linking 
for  the  metal  alkoxide-modified  organosilane  poly¬ 
mers  at  temperatures  up  to  350 ‘C. 

The  surface  microstructure  and  elements  of  the 
films  after  deposition  on  the  Al  substrate  were  ob¬ 
served  using  scanning  electron  microscopy  (SEMI  in 
conjunction  with  energy-dispersive  .X-ray  (EDX) 
analysis. 

The  electrochemical  testing  for  data  on  corrosion 
was  performed  with  an  EG&G  Princeton  .Applied 
Research  Model  362-1  Corrosion  Measurement  Sys¬ 
tem.  The  electrolyte  was  a  0.5  m  sodium  chloride 
solution  made  from  distilled  water  and  reagent  grade 
salt.  The  specimen  was  mounted  in  a  holder  and  then 
inserted  into  a  EG&G  Model  K47  electrochemical 
cell.  The  tests  were  conducted  in  an  aerated  0.5  m 
NaCl  solution  at  25 '^C,  on  an  exposed  surface  area  of 
the  1.0  cm^.  The  polarization  curves  containing  the 
cathodic  and  anodic  regions  were  measured  at  a  scan 
rate  of  0.5  mVs"'  in  the  corrosion  potential  range 
of  -  1.2  to  -  0.3  V. 


3.  Results  and  discussion 

3.1 .  Characteristics  of  sintered 

organometallicsilane  compounds 
Before  assessing  the  properties  of  polymetallosiloxane 
(PMSj  coating  films  deposited  on  Al  substrates,  the 
thermal  and  chemical  characteristics  of  the  metal 
alkoxide-modified  organosilane  compounds  were 
explored  using  TGA,  IR,  and  XRD  techniques.  The 
specific  areas  of  study  were  the  thermal  decomposition 
process,  phase-related  transitions,  pyrolytic  changes 
and  rearrangements  in  conformation,  and  the  crystal¬ 
lization  of  the  sol-gel  derived  organometallicsilane 
compounds. 


TABLE  J  Composiljoni*  of  clear  precursor  solulions  used  in  various  M(OC  ,H -L- modihed  TSPl  systems.  (M  =  Zr.  Ti.  .Al.  =  .^  or  41 
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The  aim  in  this  broad  exploration  was  to  under¬ 
stand  the  thermal  decomposition  process  and  the 
transition  of  the  sintered  organometallicsilane  to  its 
inorganic  polymer  phase  by  pyrolysis  in  an  air  en¬ 
vironment.  From  the  mix  compositions  given  in  Table 
1.  150  C  sintered  powder  samples  with  100/0  and 
50/50  TSPI/MlOCiH,)^^,  j  weight  ratios  were  selec¬ 
ted.  Their  TGA  curves  are  depicted  in  Fig.  I.  The 
onset  temperatures  of  decomposition  were  obtained 
by  finding  the  intersection  point  of  the  two  linear 
extrapolations.  As  one  can  see,  the  onset  temperature 
depends  upon  the  species  of  metal  alkoxide  reagent 
added  to  the  TSPI.  The  beginntng  of  thermal  decom¬ 
position  for  all  of  the  samples,  with  the  exception  of  the 
AI(0H;}H7)3-TSPI  system,  is  likely  to  occur  over  the 
temperature  range  300-350  'C.  Decomposition  of  the 
TSPI/AKOCjH-)-,  system  started  at  a  lower  temper¬ 
ature  (200 "O  than  the  other  metal  alkoxide  systems. 
The  weight  loss  curve  of  bulk  TSPI  exhibited  the  two 
step  decomposition  process:  the  first  step  occurring  at 
a  temperature  between  350  and  430  C  and  the  second 
step  ranging  from  430  600  C.  The  former  change 
might  be  associated  with  the  liberation  of  hydrocar¬ 
bon  and  chemisorbed  water;  the  latter  may  be  caused 
by  the  removal  of  excess  carbon  in  the  samples.  Be¬ 
yond  the  annealing  temperature  of  bOO'^C,  the  curve 
levels  off,  implying  that  the  conversion  into  inorganic 
phases  is  essentially  complete.  Although  the  curve 
shapes  of  the  TSPI/M{OC3H7)4.„,  j  systems  are  unlike 
that  of  the  bulk  TSPI,  the  final  transition  temperature 
to  the  inorganic  phase  was  almost  the  same  as  the 
bulk  TSPI.  When  compared  to  the  weight  loss  (ap¬ 
proximately  42%)  of  TSPI  at  600' C.  less  of  a  weight 
loss  was  observed  for  the  Ti(OC-iH7)j,  system,  whereas 
the  AKOCjH,)-,  system  had  considerable  mass  loss, 
approximately  68%.  This  large  weight  loss  caused  by 
the  pyrolysis  cxiuld  be  associated  with  an  enhanced 
degree  of  shrinkage  of  the  precursor  coating  films  that 
results  in  cracking  and  delamination  of  the  films  from 
the  substrates. 


ti^urc  /  TCiA  curvtis  of  incdii  isopropoxido- ini>iiilicd  ;ind  unini)iJi- 
fi;:d  TSPI  pDwdcrs  jCtcr  sintcrma  al  l‘'0  <.'.  I  )  TSPI.  I  I  Zr 

rspi.  1  )  moc.H.L  rsPV(  ■  i  aiicx’,h.i^  tspi 


Based  upon  TGA  data,  the  pyrolytic  changes  and 
rearrangements  in  conformation  at  350  "C  were  stud¬ 
ied  with  !R,  Fig.  2  shows  the  IR  absorption  spectra  for 
150  "C-preheated  powder  samples  of  bulk  TSPI  and 
the  TSPI/metal  alkoxide,  50/50  ratio  samples.  The  IR 
analyses  were  conducted  using  the  KBr  method  which 
incorporates  the  powder  samples  of  2-3  mg  into  KBr 
pellets  of  approximately  200  mg.  For  the  metal 
alkoxide-TSPI  samples  and  the  TSPI  bulk  sample, 
the  various  absorption  peaks  and  their  assignments 
are  shown  in  Fig.  2  and  Table  II.  In  the  TSPI  bulk 
sample  (Fig.  2a),  the  shoulder  peak  due  to  the  super¬ 
position  of  physically  absorbed  water  and  hydrogen- 
bonded  O-H  stretching  in  silanol  Si-OH  groups  is 
located  at  3450  cm'*  [3].  Because  no  N-H  bond 
exists  in  the  monomeric  TSPI  used  as  a  starting 
material,  the  peak  assignment  at  3240  cm  "  ‘  seems  to 
reveal  a  newly  developed  N-H  stretching  mode  in  the 
dihydroimidazole  [4].  The  bands  around  2930  and 
2880  cm"'  are  attributed  to  absorptions  due  to  the 
C-  H  stretching  mode  in  the  methylene  chains  and 
dihydroimidazole  rings.  The  C-H  bending  mode 
peaks  appear  at  1435  and  1395  cm"'.  An  intense 
absorption  peak,  observed  at  1655  cm"  '.  is  ascribed 

to  the  imine,  ^C=N-,  stretching  vibration  in  the 

five-membered  dihydroimidazole  rings  [5].  Five- 
membered  heterocycles  commonly  have  two  other 
fundamental  ring  stretching  bands  at  frequencies 
ranging  from  I670-I400cm"'  [6].  Thus,  the  weak 
peak  near  1 525  cm  " '  could  reflect  on  the  ring-stretch¬ 
ing  modes.  The  other  peak  corresponding  to  the 
heterocyclic  rings  may  be  masked  by  strong  C-H 
absorption  in  the  vicinity  of  1430  cm  The  pro¬ 
nounced  peak  at  1135  cm"  ^  verifies  the  existence  of 
the  stretching  mode  of  the  Si-O-C  bond  in  the  Si- 
joined  alkoxy  groups  [7].  As  is  well  known  [3].  the 
peaks  at  1035  and  775  cm  "  ‘  are  associated  with  the 
stretching  of  Si-O-Si  and  the  bending  of  Si-O-Si 
bonds,  respectively.  These  bonds  in  the  polymeric 
organosilane  are  formed  by  the  condensation  reac¬ 
tions  between  neighbouring  silanol  functions.  The  new 
peak  developed  at  695  cm"'  can  be  assigned  to  the 
C-CI  stretching  band  in  the  chlorinated  compounds 
[8J.  The  development  of  this  C-Cl  bund  can  be 
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explained  if  the  emergence  of  the  N-H  peak  at 
3240  cm  is  taken  into  consideration.  Because  the 
imidazole  group  in  TSPI  acts  as  a  strong  base  by 
accepting  a  proton  [9],  the  nucleophillic  attack  of 
to  the  dihydroimidazole  N  bonded  to  the  propyl 
group  in  the  HCI  media  leads  to  the  cleavage  of  the 
N-CHj  linkage  [10],  Then  this  bond  breakage  forms 
th'"  imidazoline  as  derivative  of  dihydroimidazole, 

.  and  polymeric  organosilane  containing 

Cl'Substituted  end  groups.  This  HCI-calalysed  hydro¬ 
lysis-polycondensation  reaction  will  occur  according 
to  the  following  sequence 

I  ^ (CHj),— Si=[OC,H,)3  4-  nH*  +  nCr  — 
N=/' 


Cl— (CHjij— Si^Oj  +  3H,0  - 

Cl— (CH,),— SSOHlj  +  3HC1T  (2) 

Cl  Cl 

I 

ICH)3  (CH)j 

-Si— OH  +  HO-Si—  — " 

I 

C)  Cl 

I  I 

(CH,)3  (CH,)3 

-fSi— O— Sihr  -t-  "HiO  (3) 

On  the  basis  of  the  information,  the  spectral  fea¬ 
tures  of  the  metal  alkoxide-modified  TSPI  samples 
were  investigated  to  identify  the  reaction  products  of 
TSPI  with  metal  alkoxides  at  a  low  temperature, 
150  C.  Compared  with  the  spectrum  for  bulk  TSPI, 
characteristics  noted  for  the  ZriOCjHT)*-  and 
Ti(OCjH7)j.-systems  spectra  (Fig,  2b  and  c)  are  as 
follows',  in  the  appearance  of  a  notable  peak  near 
1300cm''  which  corresponds  to  metal  (Zr  and  Ti) 
-O-C  linkages  [11],  (2)  the  loss  in  C-Cl  peak  intensity 
at  695  cm'',  and  (3)  no  remarkable  peak  present 
around  950  cm'’  which  would  be  attributable  to  the 
Zr-  or  Ti-O-Si  linkages  [3.  12]  in  the  PMS  formed. 
As  a  result,  it  is  believed  that  the  hydroxyl  groups 
derived  from  the  HCl-catalysed  hydrolysis  of 
Zr(OCjH7)4  and  TilOC^H-lj.,  react  preferentially 
with  the  Cl  in  Ci-substituted  end  groups  in  the  silane 
compound,  rather  than  the  silanol  groups  which  are 
formed  by  hydrolysis  of  the  ethoxy.silyl  groups  in  the 
TSPI.  The  proposed  reaction  mechanism  for  this  is 
shown  below 

=M— OH  -c  Cl -(CH,i3— Si^lOH), 


Ill  II! 

VI  M 

I  I 

o  o 

;  I 

(CH.),  tCH,), 

I  '  I  ■ 

-tSi— O— Si -0)„  +  -I-  nH,0 


14) 


where  M  =  Zr  or  Ti. 


At  1S0°C.  the  two  major  components,  polymeric 
organosilane  containing  oxygen-bridged  metal  com¬ 
pounds  and  isolated  dehydroimidazole  derivative, 
appear  to  be  present  in  the  pre-heated  materials. 

To  support  the  proposed  reaction  mechanism, 
the  absorbance  ratios  between  the  M-O-C  peak  at 
1300  cm”'  and  the  C-CI  peak  at  695  cm '‘  were 
computed  as  a  function  of  the  TSPl/MfOCjHilj 
ratio.  As  expected,  the  resultant  data  (see  Fig.  31 
indicate  that  the  absorbance  ratios  increase  with  an 
increase  in  the  proportion  of  M(OC3H7)4.  This,  there¬ 
by,  implies  that  the  reaction  of  the  halide  with  the  OH 
in  the  hydroxyiated  metals  favours  the  elimination  of 


I  ^ VJH 

N=/ 


+  Cl— fCH,)3— Si^Clj  +■  3C3H;0H" 


(II 


hydrogen  chloride.  The  formation  of  Cl-terminated 
end  groups  plays  an  important  role  in  creating  the 
M-O-C  linkages. 

On  the  other  hand.-  the  introduction  of  .4((OC3H,(3 
reagent  into  the  TSPI  results  in  many  different  fea¬ 
tures  being  present  in  the  spectrum  (Fig.  2d),  Specifi¬ 
cally.  no  peaks  from  the  N-H  stretching  and 
ring-stretching  modes  in  the  dihydroimidazole  de¬ 
rivative  at  3240  and  1525  cm”',  the  M-O-C  linkage 
band  at  1300 cm”'  and  the  C-Cl  bond  peak  at 
695  cm*',  were  found.  However,  two  new  absorption 
frequencies  around  1590  and  945  cm”'  did  emerge. 
Because  dihydroimidazole  ring  stretching  in  mono¬ 
meric  TSPI  is  discernible  from  a  strong  peak  in  the 
vicinity  of  1610  cm” '  (not  shown),  the  first  of  the  new 
peaks  may  reveal  the  presence  of  the  original  dihy¬ 
droimidazole  attached  to  the  propyl  C  of  TSPI.  The 
formation  of  Al-O-Si  linkages  possibly  explains  the 
new  absorption  band  at  945  cm  "  '  [13.  14],  Therefore, 
compared  to  the  Zr(OC3H,)4-and  TiiOCjH-lj-TSPI 
systems,  a  different  reaction  process  occurs  in  the 
A1(0C3H-)3  TSPI  system.  Questions  us  to  why  this 
system  does  not  produce  heterocyclic  derivatives  and 
the  Cl-substituied  end  groups  still  remain.  It  is  evident 
that  polymeric  organoaiuminosilane  network  struc¬ 
tures  containing  Al-O-Si  linkages  do  form  at  150'C. 
The  conformation  of  this  hypothetical  reaction  prod¬ 
uct  may  be  us  follows; 

I 

A I 

I 

_ _ ^  O 

i  N— (C'H.i,— Si— O— 

i 

() 

I 

(II 

The  IK  studies  were  further  extended  in  an  attempt 
to  understand  and  clarify  the  pyrolytic  conformation 
change.s  in  inorganic  PMS  produced  by  annealing  in 
air  at  high  temperatures.  .All  of  the  150  C  pre-heated 
samples  were  heated  for  12  h  in  air  at  350' C.  Fig.  4 
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TABLE  [  [  Summary  of  the  assignments  of  IR  absorption  detected  in  the  spectra  of  bulk  TSPI  sample  at  150 


Wave  numbers 
icm'  ‘t 

Vibration-' 

Absorbing  species 

3450 

vOH 

H-O-Si  and  H,0 

3240 

vNH 

H-N  in  dihydroimidazole  derivative 

3930 

vCH 

-CH,-  and  ditiydroimidazolc  derivative 

2SX0 

vCH 

-CH,-  and  dihydroimidazole  derivahve 

Ib.'ts 

vCN 

-C  =  N-  m  dihydroimidazole  derivative 

1,525 

V  ring 

in  dihydroimidazole  derivative 

1435 

aCH  anil  v  ring 

~CHj-  and  dihydroimidazole  derivative 

1395 

aCH 

-CH,-  and  dihvdroimidazole  derivative 

1135 

vSi-O-C 

Si-0^,H, 

1035 

vSi-O-Si 

Si-O-Si 

775 

iiSi-O-Si 

Si-O-Si 

695 

vC-CI 

Cl-CH, 

'  V  denotes  s<re(chin{t  vibration,  H  denotes  bending  vibration. 
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Fiffurt' J  Vanaiions  in  absorbance  rulio  of  M-O-C  ji  1300  cm''  to 
C  Cl  at  695  cm  '  '  as  i  funcijon  of  TSPI.  M(OC  ^H,|^  riiiK)>. 
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2880,  1435  and  1395  cm  (2)  a  slight  shift  of  the 

\:=N-  band  at  1655  cm  '  toward  lower  wave 

/ 

numbers  1 1620  cm" |3)  a  decrease  in  intensity  of  the 
peak  around  1 135  cm" '  corresponding  to  a  decrease 
in  Si-CH,-  bonds,  and  (4)  a  disappearance  of  the 
C-CI  peak  at  697  cm" Changes 1 1 ), (3)  and  (4)  result 
directly  from  the  elimination  of  a  large  amount  of 
carbonaceous  groups  such  as  CH2O  and  CHjCHO 
from  the  polymeric  organosilane  networks.  The 
absorption  band  near  3400  cm"'  and  a  weak  band 
around  1450cm"’,  are  due  to  the  superposition  of 
ring  stretching  and  H-O-H  bending  vibrations.  Thus, 
around  350 ’C  the  polymeric  organosilane  is  believed 
to  be  pyrolytic  converted  into  the  inorganic  poly- 
siloxane  network.  Nevertheless,  some  residual  imida¬ 
zole  derivative  still  remains  in  the  polysiloxane 
network. 

Attention  was  then  focused  on  the  spectra  for  the 
TSPI.’ZrtOCjH,)^  iFig.  4bl  and  TSPt.TKOCjH-U 
(Fig.  4c)  systems.  The  depicted  spectrum  features  of 
annealed  samples  were  characterized  by  the  devel¬ 
opment  of  new  peaks  at  950  cm"  '  (b)  and  930  cm"  ' 
(cj.  These  absorption  bands  signify  the  formation  of 
2r-0-  Si  or  Ti*0-Si  linkages,  respectively.  The  pre¬ 
dominance  of  the  Si-O-Si  band  around  1020  cm 
proves  that  the  inorganic  PMS  structures  can  be 
formed  at  350’  C  through  the  pyrolytic  in  .titti  trans¬ 
formation  processes  shown  below 


M  M 
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O  O 

I  I 

ITH,),  (CH,), 
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illustrates  the  IR  spectra  for  the  350  C  anncaleiJ 
sample  scries.  The  hulk  TSPI  sample  spectrum 
(Fig.  4a)  changed  markedly,  compared  wiih  the  150  C 
treated  sample  spectra.  These  changes  are  as  follows: 
( 1 1  a  considerahle  loss  in  intensity  of  the  peaks  at  2930. 


Where  M  =  Zr  or  Ti.  Under  annealing  conditions, 
these  pyrolyiie  eonformaiion  changes  occur  with  the 
elimination  of  numerous  organic  groups.  Once  the 
organopolysiianc  inorganic  P.VIS  transition  is  com¬ 
pleted,  the  Zr  and  Ti  metal  t>.\idc.s  located  in  the 
neiworks  act  as  cross-linking  agent.s  which  connect 
the  polysiloxane  chains. 
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In  contrast,  the  spectrum  for  the  postannealed 
TSPI/Al(0,H,)j  system  indicated  the  shift  in  the 
Si  O-Si  band  at  1035  cm''  to  a  lower  position  of 
1000  cm  ‘  and  the  disappearance  of  the  950  cm'' 
peak  corresponding  to  the  Al-O-Si  linkages.  The 
shifting  and  disappearance  of  these  peaks  render  the 
thermal  decompositions  of  l50'C-formed  organo- 
polyaiuminosilane  as  a  means  of  the  bond  breakages 
of  A1  O-Si  linkages.  This  strongly  suggests  that 
the  .Al-O-Si  bond-based  network  .structures,  which 
are  formed  readily  at  a  low  temperature  of  1 50  'C,  are 
vulnerable  to  pyrolysis.  However,  conformation  of  the 
pyrolytically  assembled  PMS.  which  is  represented  by 
the  metal  oxide  cross-linked  polysiloxane  networks,  is 
responsible  for  the  development  of  high- temperature- 
performance  inorganic  polymer  structures. 

In  addition  to  TGA  and  IR  analyses,  an  XRD  study 
was  considered  necessary  to  determine  whether  the 
pyrolysed  materials  had  crystallized.  Fig.  5  represents 
the  XRD  patterns  of  the  550  C  annealed  metal 
alkoxide-TSPI  systems,  over  the  dilTraction  range 
0.444-0. 1 82  nm.  For  the  ZriOCjH-.t^  (a)  and 
•AlfOCjH-ij  ibi  systems,  no  spacing  lines  were  detec¬ 
ted  over  this  diffraction  range.  Hence,  this  indicates 
that  the  PMS  in  these  systems  is  essentially  amorph¬ 
ous.  In  contrast,  the  reflections  at  0.353,  0.236  and 
0. ]90nm  for  the  TSPI/TifOCjH^la  system  are  at- 
tribuiable  to  the  presence  of  a  certain  amount  of 
anaiase.  TiO,.  crystalline  particles  in  the  amorphous 
polyiitanosiloxane  layers. 

3.2.  Characteristics  of  PMS  coating  films 
On  the  basis  of  the  above  findings,  the  investigations 
were  focused  on  understanding  the  physico-chemical 
factors  governing  the  formation  and  fubricution  of 
high-quality  PMS  coating  films.  Llniformiiy  and 
continuity  were  studied  using  %url'acc  and  interlace 
analytical  tools  such  as  SEM-EDX,  and  XPS.  As 
described  earlier  in  .Section  t.  thin  PMS  films  with  a 
thickness  of  up  to  0.5  pm  are  of  particular  interest  to 
this  study.  To  obtain  a  thin  coaling  film,  20  g  of  the 
original  precursor  sol  solution  (shown  in  Table  I) 
was  diluted  with  80  g  deionized  water.  First  the  FPL- 
etched  Al  substrate  was  dipped  into  the  diluted  film¬ 
forming  precursor  solution,  and  then  sintered  in  an 
oven  at  150  C  for  20  h.  In  order  to  form  the  pyrolysis- 


induced  PMS  Coating  films,  the  I50'C  sintered  sam¬ 
ples  were  subsequently  annealed  for  30  min  at  350  “C. 
The  thickness  of  the  PMS  film  deposited  on  the 
substrate  was  determined  using  a  surface  proRle 
measuring  system.  The  average  thickness  of  the  films 
derived  from  the  precursor  solution  consisting  of 
100/0.  70/30.  and  50/50  TSPI/MlOC^H-U^,  3  rabos. 
ranged  approximately,  from  0.2-0. 4  pm. 

Fig.  6  shows  a  scanning  electron  micrograph  for  the 
metal  oxide-uncross-linked  polysiloxane  IPS)  origin¬ 
ating  from  the  100/0  ratio  precursor.  The  surface 
microstructure  of  this  pyrolysed  film  reveals  a  large 
number  of  pits  and  microcracks.  The  EDX  spectrum 
(not  shown)  accompanying  the  SEM  image  indicated 
Si  to  be  a  principle  component  of  the  film,  but  Cl  was 
not  delected  in  the  film.  Thus,  the  HCl  which  was  used 
as  a  hydrolytic  catalyst  of  TSPI  was  probably  elimin¬ 
ated  from  the  sintered  precursor  films  during  the 
pyrolysis  at  350 'C.  Therefore,  possible  attack  to  the 
Al  substrate  by  corrosive  dissociated  Cl  ions  was 
disregarded.  Although  some  microcracks  were  pre¬ 
sent.  the  polyzirconosiloxane  (  PZS)  film  derived  from 
the  70;'30  TSPl/ZriOC^H-li  ratio  precursor  iFig.  7a), 
exhibited  far  better  coating  features  and  no  pits.  EDX 
quantitative  evaluation  of  this  film  indicated  that  no 
Cl  was  present  and  that  the  Zr  to  Si  intensity  count 
ratio  was  0.i7.  Compared  with  the  70/30  ratio  sample, 
the  50/50  ratio-derived  PZS  film  had  numerous  micro¬ 
cracks  (Fig.  7b).  Hence,  the  incorporation  of  an  ex¬ 
cessive  amount  of  Zr(0CjH7)4  in  TSPI  leads  to  the 
generation  of  stresses  within  the  film  brought  about  by 
differences  in  the  thermal  e.xpansion  and/or  the  differ¬ 
ential  shrinkage  between  the  film  and  substrate  during 
pyrolysis. 

In  the  case  of  the  polyaluminosiloxane  (P.AS)  de¬ 
rived  from  TSPI-.AI(OCjH-)j  systems.  SEM  images 
for  either  70/30  (Fig.  8a)  or  50,/50  iFig.  8b)  ratios 
indicate  film  discontinuity  and  non-uniform  features, 
and  partial  delammation  from  the  substrate  These 
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undesirable  film-forming  charaeteristies.  in  eon- 
nection  with  the  results  of  TGA  and  IR,  are  due 
presumably  to  great  stresses  genertited  at  the 
film-substrate  interface  caused  by  the  large  weight 
loss  and  thermal  decomposition  of  the  film  due  to 
Ai-O-Si  linkages  breaking.  The  most  ideal  PMS  coat¬ 
ing  surface  consists  of  a  uniform  film  free  of  cracks  and 
pits  over  large  dimensions.  These  characteristics  were 
observed  in  the  50/50  TSPI.'TiiOC,H04  ratio  (Fig. 
9b)-derived  polytitanosiloxane  |  PTSI.  However,  in  the 
70/30  ratio  film,  a  few  microcracks  developed  (Fig.  9a i. 
It  appears  that  the  use  of  a  proper  TSPI  to 
Ti(OC3H,)4  proportion  is  one  of  the  important  factors 


/•Ve/I/I'  r  SEM  u.  hi  imugcs  and  lei  EDX  analysis  at  PZS  euaiir.as 
lorined  hy  annealing  ai  .'-SO  C  liii  70  .H)  .mil  itii  >0  .•'■0 
TSPI  Zr(OC,H-li  ralit!  preeursiir  films. 

leading  to  the  formation  of  high-quality  inorganic 
PTS  amorphous  coatings  containing  crystalline 
anatase  particles. 

Further  experimental  work  focused  on  identifying 
the  chemical  components  and  states  at  the  outermost 
surfiice  of  the  various  PMS  coatings.  XPS  was  used  to 
obtain  this  information  for  coatings  derived  from  a 
70/30  TSPI/M(OC3H-)4jr3  ratio  precursor  solution. 
For  the  scale  in  all  the  XPS  spectra,  the  binding  energy 
(BE)  was  calibrated  with  the  C,,  of  the  principal 
hydrocarbon-type  C  peak  fixed  at  285.0  eV  as  an 
internal  reference  standard.  The  C,,.  core  level  spec¬ 
trum  of  the  PMS  .surfaces  was  not  taken  into  consid¬ 
eration,  becau,se  the  concentration  of  hydrocarbon 
impurities  on  pyrolysis-induccd  surfaces  was  negli¬ 
gible  compared  to  the  intensity  of  the  signal  from  the 


Figure  V  lit.  b)  Surface  fculurcs  and  ic.  d|  EDX  duia  of  pyrolysi.S'induced  PTS  coaling  lilms;  la  I  70/10  and  Ibl  50/50  TS  PI /Ti  (OCjH-ij  ratio 
systems 


unpyrolysed  samples.  A  curve  deconvolution  tech- 
mque  was  employed  to  find  the  respective  chemical 
components  from  the  high-resolution  spectra  of  each 
clement,  and  to  determine  the  relative  quantity  of  a 
particular  chemical  Slate. 

The  Sijp  and  O,.  core  level  photoemission  spectra 
for  ihc  PS  (derived  from  TSPl).  P'/.S.  PTS.  and 
PAS  lllins  are  shown  in  Figs  It)  and  1 1.  respectively. 
The  Si,p  region  for  the  PS  coating  (Fig.  I  Oaf  reveals 
only  a  single  peak  at  102.8  eV.  corresponding  to  the 
silicon  in  the  siloxanc  bonds.  Si-O  Si  [15,  16].  Drastic 
changes  in  the  po.sition.  intensity,  and  shape  of  the  Si;p 
peak  were  induced  when  zirconium,  titanium  and 
aluminium  oxides  were  incorporated  in  the  PS  net¬ 
work  as  cross-linking  agents.  The  Sijp  signal  for  the 
PZS  surface  (Fig.  I  Ob)  could  be  resolved  into  two 
Gaus.sian  components  ai  101.6  and  102.8  eV.  The 
former  peak  as  the  principal  component  correspond.s 
to  the  silicon  in  the  Zr  O-Si  linkages  [17,  18];  and  ihe 
latter  a.scrihe.s  the  .silo.tane  Si  as  a  minor  component. 
The  peak  shape  of  the  PTS  lilm  (Fig.  lOc)  is  strikingly 
dilfercnt  from  iliai  of  the  PZS.  The  peak  of  .siloxanc  .Si 
emerged  at  102.8  eV  is  of  a  principal  component,  while 
a  shoulder  peak  at  101.6  eV.  interpreted  as  the  Si  in 
I  he  Tl  O  Si  bonds,  is  of  ;i  minor  comptnicni.  This 
infers  ihtii  the  c.xtcni  of  cross-linking  of  titanium 
oxides  in  the  PTS  citating  i.s  lower  ihtin  that  of  the 
/ircnnium  oxides  in  PZS.  I’cak  features  similar  to 
those  of  PZS  were  observed  on  (he  PAS  lilm 
(Kig.  lOd).  suggesting  that,  like  PZS,  the  surface  con- 
itiins  a  highly  densilied  AI  O  Si  network.  The  (),, 
-.pcciniiri  of  I’S  (Fig.  I  la)  exhibits  an  asymmetric 


shape  containing  a  main  peak  at  532.4  eV  originating 
Irom  the  bridging  oxygen-bonded  to  two  Si  atoms  ithe 
siloxanc  bond).  Assuming  that  the  nonbrideing  oxy¬ 
gens  are  bonded  to  one  Si,  and  more  likely  to  one  H 
ithe  hydroxylated  Silare  present  at  the  PS  surface,  the 
cau.se  of  the  shoulder  at  5:  529.4  eV  cun  be  estab¬ 
lished.  This  shoulder,  which  is  about  3.0  eV  lower  ihan 
thut  of  the  bridging  oxygens  in  the  Si  O-Si.  is  ai- 
trihuuible  to  nonbridging  oxygens  [1^]  In  contrast. 
0|,  spectra  for  the  PMS  coatings  are  characterized  by 
a  broad,  asymmetric  peak  which  obviously  contains  ui 
least  three  components  situated  at  532.4,  531.5,  and 
St  529.4  oV,  The  major  component  at  531.3  eV  be¬ 
longs  to  the  meial-bt>und  oxygen  in  the  M-O  Si 
linkages  [20].  The  two  shoulders  at  .532.4 
and  s:  529,4  eV  are  presumably  due  to  the  bridging 
oxygens  in  the  Si  O-Si  and  the  nonbridgmg  oxygens 
in  the  Si  OH,  respectively.  The  inten.sity  of  the  non¬ 
bridging  Oxygen  peak  sceni.s  to  depend  on  the  sj-iecies 
of  PMS.  The  quantitative  evaluation  tif  Si  OH  groups 
existing  at  the  outermost  surface  was  carried  txn  by 
comparing  the  integrated  micnsiiy  ratio  of  mycen  m 
Si  OH  peak  at  appro.ximaieiy  529.4  cV  to  oxvgen  ii> 
(lie  M  ()  Si  peak  at  .ipproxiniaiciv  531.5  ck  \,s  a 
result,  the  PTS  surface  indicated  the  luelicst  ratio 
of  1).5,1  (Fig.  II).  because  tlic  peak  of  TiO.  owgcti 
.ippears  near  529.4  eV  [21.  22],  ibis  peak  will  include 
contributions  from  both  SiOH  and  TiO.  oxyeens 
Ncverlhclc.ss.  the  presence  of  .in  appreciabie  number 
of  polar  OH  groups  at  the  surface  of  PMS  is  very 
important  to  adhesion.  It  is  believed  tbai  the  OH  m 
(he  hydroxylated  Si  compound  promotes  the  chemical 
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f'ifiun'  Iff  Si  2p  spccira  c>riy:m:jliiig  from  liO  PS.  (b)  PZS.  tcj  PTS 
and  {dl  PAS  coaling  surfaces. 

link  between  the  organic  and  inorganic  polymers 
through  covalent  or  H  bonds.  Fig.  12  illustrates  the 
Zr  3d  and  Ti  2p  doublet  separation  spectra  for  PZS 
and  PTS,  respectively,  and  the  Al  2p  region  for  PAS. 
The  3d, ,2  and  the  3d3,2 at  182.3  and  184.2  eV  for 
Zrj^j  spectrum  are  assigned  to  the  Zr  in  the  Zr-O-Si 
linkages.  The  symmetric  peak  at  74.!  eV  in  the  Al  2p 
spectrum  corresponds  to  the  Al  in  the  AI-0~Si  bonds 
[17].  For  PTS.  there  are  four  peaks  in  the  Ti  2p 
regions.  The  main  2pj,2  peak  at  458,7  eV  and  the  2p,,2 
line  at  464.5  eV  are  as.signed  to  the  Ti  in  the  Ti-O-Si 
linkages.  The  anaiase  titanium  was  observed  in  the 
2p„;  peak  at  approximately  459.2  cV  and  2pi  ,  peak 
at  approximately  465.1  cV  i'23J 
The  adhesive  nature  at  the  inicrrace  between  PMS 
and  the  FPL-elched  Al  suhsiraie  rs  an  important 
factrir  contributing  to  a  good  lilm-lorming  behaviour 
and  lo  subsequent  corrosion  protection.  Tliercforc.  it 
i.s  worthwhile  to  a.ssc.ss  the  bonding  structure  and 
mechanism  at  the  PMS  .Al  interlace.  For  these  inter¬ 
face  studies,  a  PTS  coaling  was  selected  from  the  other 
PM.S  lilm.s.  The  thm  I’T.S  liirn.s  suitable  lor  .XP.S 
analyses  were  fabricated  on  the  etched  .substrates  in 
accordance  with  the  following  procedure:  a  l).5‘'/i.  sol- 
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f/.uiirp  II  O  !s  region  of  (a)  PS.  (bl  PZS.  |cl  PTS  and  (dl  P.XS. 
Inlcgraied  inicnailv  raljo  ot"  OtSiOHl/OtM^O— Sif;  lb)  0.3.  1C)  t).53 
unci  (ch  I).J6. 


precursor  solution  in  deionized  water  was  deposited 
over  the  substrate  surfaces  by  spin-coating  at 
lfX30  r.p.m.,  and  then  heated  for  20h  at  150  C  lo 
produce  a  sintered  film.  The  pyrolytic  conversion  of 
the  sintered  film  into  the  PTS  film  was  accomplished 
by  annealing  for  30  min  at  350  ’C.  Finally,  the  result¬ 
ing  interfaces  were  examined  using  XPS. 

The  PTS  films  made  by  this  method  were  thin 
enough  to  permit  the  photo-emission  signal  from  the 
underlying  Al  suhstraie  to  be  detected.  Figs  1 3  and  14 
show  the  Al  2p  and  the  O  Is  core  level  spectra  for  the 
FPL-etched  substrate  and  for  the  interface  between 
the  PTS  and  the  suhstraie.  As  is  evident  from  the  Al  2p 
peak  at  744  eV  (Fig.  I3a).  the  main  component  of  the 
outer  surface  of  Al  is  .iluminiiim  oxide.  AI.O^  [20], 
The  Al  2p  signal  ai  ihe  PTS  Al  interface  (Fig.  l.’b)  is 
composed  of  two  maior  components  al  74.4  and 
5:74  0cV  The  exciting  phoioemission  at  74,4  cV 
originates  from  Al.CD,  aluminium,  however,  the  new 
line  al  i  74  0  cV  is  of  pariicidar  interest.  As  discussexJ 
earlier,  the  aluminiiiin  in  the  Al  O  Si  linkages  refers 
to  a  peak  at  74. 1  eV.  Thus,  the  po.ssible  as.signmcnt  of 
this  new  peak  i.s  lo  the  aluminium  in  the  interfaeial 
oxune  bond  bridging  the  PTS  to  the  .AI.C2)^.  Such 
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Fiifurf  12  .XPS  spectra  of  ta)  Zr  3d.  (b(  Al  2p.  and  (c)  Ti  2p  regions 
for  PZS.  PAS.  and  PTS  coalings,  respetiivdy. 

interfaciul  covalent  bond  siruciure  may  be  illustrated 
as  follows 


— Si — O — Al  Substrate 

I  I 
fin 

These  covalent  bonds  presumably  form  through  a 
dehydration-condensation  reaction  mechanism  of  the 

hydroxylated  AI2O3  with  the  -Si-OH.  in  the  PTS 

film.  The  investigations  of  the  6  Is  region  appear  to 
support  the  above-mentioned  findings.  The  new  peak 
at  53l.2eV,  emerging  at  an  interfaciai  boundary, 
(Fig.  1 4b)  is  associated  with  the  oxygen  in  the  Si-O-AI 
(on  the  surface  of  the  substrate)  bonds;  whereas  the 
position  of  the  peak  at  531.6  eV  corresponds  to  the 
oxygen  (Fig.  14a).  The  Si  2p  signal  (Fig.  15)  i.s 
asymmetric  because  it  consists  of  three  components  ,it 
102.*;.  101.7.  and  *;<;.6cV.  The  major  )ine  at  101  7  eV 
can  be  ascribed  to  the  Si  in  Ihe  M  O  Si  linkages,  and 
the  weak  shoulder  al  102.*; oV  to  the  Si  in  Si  O  Si 
linkages.  The  existence  of  other  possible  .Si-bascd 
components  could  not  be  established  on  the  basis  of 
the  minor  peak  at  W.bcV.  Apart  from  a  slight  broad¬ 
ening  of  the  peak  no  special  spectral  features  were 
observed  on  the  Ti  2p  doublet  separation  .spectrum 
iFig.  15)  compared  with  ibat  of  PTS  surface 


Fif;urr  13  AI2p  spectra  from  tal  FPL  eicticd  Al  substrate  surface 
and  lb)  triiital  intcrfacial  zone  between  PTS  and  etched  Al. 


531.6 


/■ivnrr  14  O  ts  core  tcvel  spectra  for  (a)  etched  .At  surface  and 
|b)  PTS-AI  inierfaciat  .ue;i. 
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(Fig.  12).  This  information  suggests  that  the  extent  of 
reactivity  of  titanium  oxide,  which  acts  as  a  cross- 
linking  agent  between  the  polysiloxane  chains,  with 
the  AUO,  IS  very  small.  Hence,  the  AUOj  surface 
formed  by  FPL  treatments  of  A1  substrates  preferen¬ 
tially  links  with  the  siloxane.  rather  than  with  the 
titanium  oxide  groups.  From  the  above  results,  it  can 
be  rationalized  that  two  major  factors.  (I)  the  cross- 
linking  ability  of  metal  oxides  between  the  polysilox- 
ane  chains,  and  |2)  the  formation  of  PMS-AI 
interfacial  chemical  birnds,  arc  responsible  for  greatly 
minimizing  the  development  of  stress  erucks  hy 
shrinkage  of  pyroivsed  PMS  lilms.  These  imporiani 
factors  not  only  coninbuic  lo  good  lilm-forming  beha¬ 
viour.  but  also  rchiie  directly  the  alfects  of  ihc  cor¬ 
rosion  proicciion  of  ,AI  substrates. 

All  of  the  above  duia  were  correlated  wiih  corrosion 
proteciion  provided  by  ihc  pyrolysis-induced  PMS 
coatings  on  FPL-cichcd  Al.  The  corrosion  data  were 
ohuiined  from  the  polarization  curves  for  PMS-cuaied 
•Al  samples  upon  exposure  in  an  aerated  0.5  m  .sodium 
chloride  solution  at  25  C.  The  typical  cathodic 


T.ABLE  III  Corrosion  poreniiul.  E,^,.  and  corrosion  curreni. 
values  for  PMS-coaled  and  uncoaled  At  specimens 


Coaling  systems 

[V  versus  SCEl 

I-’ncouiied  Iblank) 

-  0-725 

r.5 

PS(ICX)/l)l 

-  0-695 

l.S 

PZS  (70/30) 

-  0.625 

7.3  X  K)-  ' 

PZS  (50/50I 

-  0.710 

1.5 

PTS  (70/30) 

-  0.589 

l,8x  lU"' 

PTS  |S0/50) 

-  0.596 

l.6x  10" 

P.AS  (70/30) 

-  0.664 

9.0 X  to-’ 

PAS  (50/50) 

-0.700 

1.8 

anodic  polarization  curves  exhibiied  a  short  Tafel 
region  in  the  cathodic  polarization,  but  no  Tafel  re¬ 
gion  was  found  at  the  anodic  sites.  To  evaluate  the 
protective  performance  of  coatings,  the  corrosion  po¬ 
tential,  E^f„.  and  corrosion  current,  were  deter¬ 
mined  for  the  polarization  curves.  The  former  is 
defined  us  the  potential  at  ihe  transition  point  from 
cathodic  lo  anodic  polarization  curves,  values 
were  measured  by  extrapolation  of  the  cathodic  Tafel 
slope.  Table  III  summarizes  these  results.  .As  seen  in 
the  table,  the  major  affect  of  these  PMS  coatings  on 
the  corrosion  protection  of  Al  is  to  move  the 
value  lo  less  negative  potentials  and  lo  reduce  the 
cathodic  current,  In  particular,  the  test  samples 
coated  with  PTS  produced  significantly  higher 
and  lower  values  than  compared  with  those  for 
the  uncoated  samples  (blanks).  This  .strongly  suggests 
that  these  PTS  coaling  films  will  serve  to  provide  good 
corrosion  resistance  lo  sodium  chloride  .solution  and 
in  minimizing  the  corrosion  rates  of  Al.  The  protective 
ability  of  other  PMS  .systems  seems  lo  depend  on  the 
TSPI/M(OjH7L^, j  ratios  in  the  precursor  sol  sol¬ 
ution.  Coalings  derived  from  a  higher  ratio  of  50.'50 
displace  a  lower  corrosion  resistance  in  sodium  chlor¬ 
ide  medium.  Similarly,  the  metal  oxide  uncross-linked 
PS  coaling  performed  poorly  and  provided  no  signi¬ 
ficant  corrosion  resistance.  Tlie  reason  for  the  poor 
proteciion  performance  is.  primarily,  due  to  the  pres¬ 
ence  of  numerous  microcracks  and  pits  in  the  him 
layers.  In  Other  words,  the  sodium  chloride  solution 
penetrated  the  blemishes  and  progressively  under¬ 
mined  the  coatings. 

4.  Conclusions 

Inorganic  amorphous  polymetallosiloxane.  PMS,  can 
be  synthesized  through  hydrolysis-polycondensation- 
pyrolysi.s  reaction  of  sol-precursisr  solution  systems 
consisting  of  .V-[,5-(iricthoxyMlyllpropyl]-4.5-dihydro- 
imidazolefTSPDand  M(OC,H-)„(M  =  Zr.Tiand.AI. 
II  -  ,]  or  4)  a.s  a  lilm-forming  reagent,  the  HCI  ,is  a 
hydrolysis  catalyst,  and  CH  lOH  and  waier  us  a  liquor 
medium.  During  this  study  of  corrosion- proieciisc 
thin  lilms  for  low  melting  poini  Al  substrates,  the 
lollowmg  seven  items  could  he  conclusively  gen¬ 
eralized  as  the  major  physico-chemical  factors  gov¬ 
erning  the  lilm-l'orming  behaviour  of  PM.S  under  the 
sol  precur.sor  i25  C)  --  sintering  |I50  C)  -*  annealing 
(.T'iO  C)  processes. 
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1 .  During  the  sol-film  forming  stage,  the  addition  of 

HCl  to  the  mixtures  of  TSPI  and  induces 

the  formation  of  hydroxylated  metals,  the  Cl-substi- 
tuted  end  groups  in  the  monomeric  organosilane  and 
the  separation  of  imidazole  derivatives  from  TSPI. 

2.  in  the  sintering  process  of  .xerogel  films  at  150  C. 
the  formation  of  metal  oxide  poiyorganosiloxane 
bond  formed  by  the  dechlorinating  reaction  between 
the  Cl  attached  to  propyl  C  in  organosilane  and  the 
proton  in  the  hydroxylated  Zr  or  Ti  compounds, 
played  an  important  role  In  weight  loss  of  the  film. 

3.  Referring  to  item  2.  the  aluminium  hydroxide, 

derived  from  in  which  the  trivalent  ion  is 

the  principal  oxidation  state,  preferentially  reacts  with 
hydroxylated  organosilane  to  form  the  Al-O-Si  link¬ 
age  at  a  low  temperature.  However,  this  linkage  was 
broken  when  the  sintered  film  was  annealed  at  350  C. 
thereby  creating  large  stress  cracks  and  a  high  weight 
loss  of  the  film. 

4  The  pyrolysis  of  titanium  and  zirconium  oxides- 
incorporated  poiyorganosiloxane  compounds  led  to 
the  formation  of  titanium  and  zirconium  oxides  cross- 
linked  with  polysiloxane.  while  also  eliminating 
carbonaceous  groups  and  Cl  compounds  from  the 
sintered  materials.  These  cross-linked  network  struc¬ 
tures  served  to  minimize  the  development  of  stress 
cracks  in  the  films  pyrolysed  at  J^SO^C. 

5  Although  a  certain  amount  of  crystalline  anatase 
particles  were  present  in  the  amorphous  polytitanosil- 
oxanc  (PTS)  coatings,  the  moderate  cross-linking  ef¬ 
fects  of  titanium  oxides  and  the  densification  of  the 
M-O-Si  linkage  provided  the  most  effective  coating 
film  in  this  study. 

6.  The  identification  of  covalent  oxane  bonds  at  the 
interfaces  between  the  PTS  and  the  FPL-etched  Af 
substrate  illustrates  the  possibility  of  strong  adhesive 
forces 

7.  Referring  to  items  4-6  described  above,  the  in¬ 
tegrated  assignments  of  these  factors  were  correlated 
directly  to  good  corrosion  resistance  of  Al  alloys  in  the 
NaCi  solution. 
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APPENDIX  C 


POLXARYL  ADHESIVES 


RELATED  PUBLICATIONS 


Interfaces  of  polyphenylene 
sulphide-to-metal  joints 


T.  Sugama  and  N.R.  Carcieilo 

(Brookhaven  National  Laboratory,  USA| 


High-temperature  polyphenylene  sulphide  (ppsJ  film  was  deposited  on  the  surface  of 
cold-rolled,  stainless  and  galvanized  steels  by  slurry  coating  in  /Vj  and  O2  gases  at 
350° C.  The  value  of  the  interfacial  PPS/steel  bond  strength  depended  primarily  on  the 
species  of  sulphur-related  iron  compounds  formed  as  reaction  products  at  the 
interfaces.  The  order  of  these  reaction  products,  which  play  an  important  role  in 
developing  bond  strength,  was  502(^04)2  >  FeS04  >  FeS.  In  contrast,  the  conversion 
of  ZnS,  formed  at  the  PPS/galvanized  steel  interfaces,  into  ZnS04  led  to  a  catastrophic 
loss  of  bond  strength. 

Key  words:  polyphenylene  sulphide;  steels;  bond  strength;  interface;  X-ray 
photoelectron  spectroscopy 


Powdered  forms  of  polyphenylene  sulphide  (PPS). 
which  is  one  of  a  family  of  high-temperature 
performance  polymers,  are  commonly  used  as  film¬ 
forming  materials  in  slurry-coating  systems  consisting 
of  solid  and  liquid  phases.  The  major  suitability  of  PPS 
powder  for  such  coating  processes  is  that  it  cause.s  the 
assembly  of  a  high  macromolecule  through 
mechanisms  of  cross-linking  and  chain  extension  at  a 
temperature  above  the  melting  point  of  approximately 
290"C'"^.  When  the  PPS  slurry  is  applied  as  a 
corrosion-resistance  coating  for  metallic  substrates,  it 
would  be  expected  that  the  fusing-curing  processes  of 
the  slurry  deposited  on  the  substrates  might  promote 
the  thermal  oxidations  of  metals  beneath  the  PPS 
coatings.  As  reported  by  Bolger'*.  the  high  degree  of 
oxidation  of  the  metal  surfaces  has  a  strong  affinity  for 
the  chemisorption  of  the  organic  polymers,  and  by 
contrast,  when  the  metal  surfaces  were  treated  in 
oxygen-free  Nt  gas  environments,  the  chemical 
reactivity  of  .surfaces  having  a  low  degree  of  oxidation 
become.s  very  poor. 

Thu.s.  it  is  of  particular  interest  to  explore  how  the 
reaetton  products  formed  at  the  critical  interfacial 
contact  zones  between  PPS  and  metals  in  oxygen  and 
nitrogen  environments  inllucncc  the  adhesive  bimtling 
of  PPS  to  the  metal  substrate.s.  This  information  was 
obtained  by  X-ray  photoeicctron  spectro.scopy  (XPS) 
analyses  of  both  failure  sides  at  the  interfacial 
boundaries  for  PPS/cold-rolIcd.  stainless  and 
galvanized  steel  joint  systems  prepared  in  oxygen  or 
nitrogen  environments  at  a  tempemture  of  d-SO^C.  The 


XPS  data  on  the  interfacial  chemical  .state  and 
composition  were  correlated  directly  with  the 
mechanisms  of  bonding  and  bond  failure. 


Experimental  details 
Matarials 

The  metallic  substrates  used  were  a  commercial  AlSl 
1010  cold-rolled  steel  (CRS),  AISl  .f04  stainless  steel  (SS) 
and  G-90  galvanized  steel  (G-S).  Before  depositing  the 
polyphenylene  sulphide  (PPS)  slurry,  the  surface  of 
these  substrates  was  wiped  with  acetone-soaked  tissues 
to  remove  any  gross  surface  contamination.  PPS 
powder  for  the  slurry  coating  was  supplied  by  the 
Phillips  66  Company.  The  ’as-received'  PPS  was  a  finely 
divided,  tan-coloured  powder  having  a  high  melt  tlow 
with  a  melting  point  of  288‘’C.  The  PPS  Him  was 
deposited  on  the  substrate  surfaces  in  the  following 
way.  First,  the  sub.strates  were  dipped  into  a  PPS  slurry 
consisting  of  45  weight  %  (wt%)  PPS  and  .5 .5  w[% 
isopropyl  alcohol  at  25°C,  Then,  the  slurry-coated 
siibstiaie.s  were  preheated  in  oxygen  .ind  nitrogen  gases 
at  3()()°C  for  .3  h.  lo  fu.se  ihe  PPS  powder  and  allow 
volutilizaiion  of  Ihe  isopropyl  alcohol  liquid  phase. 

The  How  rate  ol'  the.se  ga.ses  in  a  tube  furnace  with  a 
volume  of  1500  cm'  was  ^  200  cm'  min”L  To  as.semble 
the  cro.s.s-l inked  and  extended  macromoiccular 
structures,  the  I'u.sed  PPS  wa.s'  finally  healed  in  either  a 
W.5%  O;  or  a  W.9%  environment  at  Ibr  2  h. 
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Maesure  merits 

The  chemical  compositions  and  states  present  on  the 
substrate  surface  and  on  bond-failure  sides  at  the 
interface  of  the  PPS/substrate  joint  systems  prepared  in 
0;;  and  N-  at  high  temperatures  were  investigated  from 
the  peak  areas  and  from  determination  of  binding 
energies  (BE)  deduced  from  XPS.  The  spectrometer  used 
was  a  V.G.  Scientific  ESCA  3MK  U.  The  e,\citation 
radiation  was  provided  by  an  A1  Ka  (1486.6  eV)  X-ray 
source  operated  at  a  constant  power  of  200  W,  The 
vacuum  in  the  analyser  chamber  of  the  instrument  was 
maintained  at  10“'*  torr  throughout  The  atomic 
concentrations  for  the  respective  chemical  elements 
were  determined  by  comparing  the  XPS  peak  areas 
which  can  be  obtained  from  the  differential  cross- 
sections  for  core-level  excitation’.  To  set  a  scale  in  all 
the  high-resolution  .XPS  spectra,  the  binding  energy 
(BE)  was  calibrated  with  the  Cjs  of  the  principal 
hydrocarbon-type  carbon  peak  fixed  at  285.0  eV  as  an 
internal  reference.  A  curve  deconvolution  technique 
was  employed  to  find  the  respective  chemical 
components  from  the  high-resotution  spectra  of  each 
element. 

The  lap-shear  tensile  strength  of  metal- to- metal 
joints  was  determined  in  accordance  with  the  modified 
ASTM  Method  D-l()02.  Before  overlapping  the  metal 
strips.  50  mm  long  and  15  mm  wide,  the  10  X  15  mm 
lap  area  was  coated  with  PPS  adhesive.  The  overlapped 
metal  specimens  were  then  placed  in  an  oven  at  350°C 
for  2  h.  The  thickness  of  the  overlapped  PPS  film 
ranged  from  25  to  75  um.  The  bond  strength  of  the  lap- 
shear  specimens  is  the  maximum  load  at  failure 
divided  by  the  total  bonding  area  of  150  mm*. 

Results  and  discussion 

First,  the  chemical  compositions  and  stales  of  the  bulk 
PPS,  the  acetone-cleaned  CRS,  SS  and  G-S  substrate 
surfaces  were  investigated  to  obtain  the  XPS  reference 
data  (Table  I  and  Fig.  I).  The  S/C  atomic  ratio  ol'0. 19 
for  the  J50°C-cured  hulk  PPS  surfaces  was  slightly 
higher  than  the  value  of  0.17  computed  from  the 
fundamental  formula.  -l-C(,H(,-S-l-„,  of  PPS.  The  Sip 
core-level  spectrum  (Fig.  1)  for  the  bulk  PPS  featured  n 
symmetric  curve  with  a  peak  at  the  BE  position  of 
163.8  eV,  originating  from  the  S  of  the  S-C  bond  in  the 
PPS  structures'’.  CRS  surfaces  disclosed  the  presence  of 
a  large  amount  of  oxygen,  which  can  be  associated 
with  the  formation  of  Fe  oxides.  In  fact,  the  main  core 
line  at  710.9  eV  and  the  shake-up  satellite  at  a  high  BE 
site  about  8  eV  away  from  the  main  line  in  the  Feipi/i 
region  are  assignable  to  the  formation  ot  ferric  oxide 
(FciO-i)'.  As  is  evident  from  a  high  carbon 
concentration  of  58.3%  the  SS  surface  seems  to  be 


covered  with  carbon-based  contaminants  which  cannot 
be  removed  by  organic  solvents.  Regardless  of  coverage 
with  the  C  contaminant,  the  Feipj/j  spectral  feature 
verified  that  the  underlying  Fe  compound  referred 
mainly  to  Fei03.  The  presence  of  a  concentrated  P 
atom  suggested  that  the  surface  of  the  galvanized  steel 
used  in  this  study  was  treated  by  phosphate.  TTie  Znipi  i 
spectrum  for  the  G-S  substrates  denoted  the  presence  of 
a  single  Zn  component  at  the  BE  position  of  1022.1  eV. 
Since  this  BE  value  corresponds  to  Zn  in  ZnO 
formation*,  the  dominant  Zn  compound  formed  at  the 
outermost  surface  of  G-S  was  ZnO 

The  results  of  the  lap-shear  bond  strength  of  the 
metal-to- metal  PPS  adhesive  Joints  are  shown  in  Fig.  2. 
For  CRS  and  SS  substrates,  the  data  clearly 
demonstrated  that  the  bond  strengths  depend  primarily 
on  atmospheric  conditions  during  the  fusing-curing 
process  of  the  PPS  adhesive  at  high  temperature.  The 
strengths  of  specimens  prepared  under  Oi  are  much 
higher  than  those  for  specimens  made  in 
environments.  The  data  also  showed  that  the 
development  of  interfacial  bond  strength  for  (he  SS'PPS 
joint  system  is  better  than  that  of  the  Crs.'ppS  system. 

Surprisingly,  a  very  poor  interfacial  bond  was 
recorded  for  the  Oi-treated  G-S/PPS  joint  system. 
Although  the  bond  strength  value  of  Ni-ireated  G-S;PPS 
joints  is  considerably  lower  than  those  for  other 
systems,  the  bonding  performance  of  this  joint  system 
was  far  better,  compared  with  the  same  joint  system 
made  in  an  Oi  environment. 

To  clarify  the  causes  of  good  and  poor  interfacial 
bonds,  both  failure  surfaces  were  explored  by  XPS. 
Table  2  shows  the  elemental  compositions  for  the 
cross-section  samples  of  the  PPS.'CRS  joint  system  after 
exposure  to  Ni  and  to  Oi.  In  N;,  the  interface 
chemistry  of  the  PPS  side  removed  from  the  CRS 
substrate  was  characterized  by  the  amount  of  Fe  and  a 
larger  amount  of  O  in  conjunction  with  7.4%  S  and 
42.5%  C  compared  with  that  of  the  bulk  PPS  (Table  1). 

A  4.3%  S.  belonging  to  the  PPS.  was  detected  on  the 
interfacial  substrate  surface.  Since  ihe  Fe  and  O 
elements  remaining  on  the  PPS  side  are  as.sociated 
with  Fe-Oi  and/or  the  interfacial  reaction  products,  the 
locus  of  failure  might  occur  in  either  the  mechanically 
mixed  layer  of  PPS  and  Fe.nOv  or  in  the  reaction 
product  layer  formed  by  interaction  between  PPS  and 
FeiOv  A  striking  difference  from  the  N-  samples  was 
observed  on  the  Oi-ireated  samples,  namely,  no  S  atom 
was  found  on  the  failed  CRS  sides.  Therefore,  failure 
can  be  figured  as  a  cohesive  mode  which  occurs 
through  the  FciOi  layers  close  to  PPS.  In  terms  of 
achieving  a  good  bonding  performance,  it  can  be 
a.ssumed  that  the  introduction  of  Op  into  ihe  interfacial 
zones  promotes  the  e.xtent  of  interaction  between  the 


Table  1.  XPS  elemental  analysis  of  bulk  PPS  and  substrates  as  reference  surfaces 


Coating  and 
substrate 

C 

S 

0 

Atomic  concentration  (%) 

Mn  Fe  P 

Cr 

Zn 

PPS 

82.5 

15.5 

2.0 

- 

- 

_ 

_ 

CRS 

25.8 

- 

59.9 

).7 

12.5 

- 

- 

- 

SS 

58.3 

- 

34.4 

- 

5.5 

- 

1.8 

- 

G-S 

304 

- 

50.3 

- 

- 

9.1 

6.7 

3.6 
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166  164  162 


Binding  energy 


711.0 


Binding  energy  ieV) 


Fig.  1  XP5  high  resoluJion  specJra  in  S2p.  ^62-3/5  and  2n2p3^j  regions 
ior  reference  polypdenylene  sulDf^ide  (PPS)i  coltfrolled  steel  (CRS), 
stainless  steel  (SS)  and  galvanized  steel  (G-S)  surfaces 


PPS  and  the  Fe20>  We  believe  that  such  reaction 
products  are  much  stronger  than  FenOij  layers. 

To  support  this  information,  we  inspected  the  high- 
resolution  Sip  spectra  of  both  the  PPS  and  CRS 
inlerlacial  sides  for  the  Nfi-treated  samples  and  the  PPS 
surface  for  the  Oi-samples  (Fig.  3).  The  asymmetric 
feature  of  the  resultant  Sip  region  for  the  Ni-treated 
PPS  interface  reveals  two  resolvable  Gaussian 
components  at  161.8  and  163.8  eV.  From  the  surface 


d 

<9 


CRS/PPS 


SS/PPS 


G-S/PPS 


Fig.  2  Uap^shear  bond  strengih  at  metai-to-metat  PPS  adhesive  ioints 
after  exposure  in  and  Oj  at  350*C 


reference  spectra  (see  Fig.  1),  the  shoulder  peak  at 
163.8  eV  is  attributable  to  the  S  in  the  PPS.  According 
to  literature^,  the  161.8  eV  principal  line,  which 
represents  the  main  chemical  component,  can  be 
ascribed  to  the  formation  of  ferrous  sulphide  (FeS)  as 
the  reaction  product  at  the  interfaces  between  the  PPS 
and  the  Fei(5^  in  the  Ni  environment.  The  shoulder 
peak  near  710.2  eV.  reflecting  the  Fe  in  the  FeS'*’.  was 
also  identified  in  the  Feipj/i  region  (not  shown).  Since 
the  negative  ion  mass  spectra  (not  shown)  of  the 
oxidized  PPS  surfaces  indicate  the  presence  of  intense 
sulphure  trioxide  (SOj)  signals,  such  sutphur-relateci 
iron  compounds  can  be  formed  by  the  interfacial  gas- 
solid  reaction  between  the  FeiOi  and  the  sulphur 
dioxide  (SO-;)  and  SO^  gases  emitted  from  PPS  at  a 
high  temperature.  An  additional  prominent  line  wa.s 
seen  at  168.5  eV.  corresponding  to  a  shill  of  about 
6,7  eV  to  the  higher  BE  site  than  that  of  FeS  from  the 
Ni-ireated  CRS  interface,  A  shift  of  6.7  eV  is  reasonable 
to  distinguish  the  presence  of  ferrous  sulphate 


Table  2.  Chemical  composition  of  both  interfacial  failure  sides  for  Nj-  and  Oj-treated  PPS/CRS  joint  systems 


Heating  environment 

Failed  side 

Atomic  concentration  (%) 

S 

C 

o 

Mn 

Fe 

Nz 

PPS 

7.4 

42.5 

41.5 

_ 

8  6 

Nz 

CRS 

4.3 

40.8 

43.9 

0.3 

10  7 

Oz 

PPS 

3,5 

42,1 

44.0 

- 

10  4 

Oz 

CRS 

- 

31.3 

55.5 

0.7 

12  6 
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161.8 


fFeS04)‘'  Ifom  FeS.  Fe.S04  will  be  formed  through  the 
following  reatiion'": 

Fe^O,  +  SO,  +  SO- - -  2FeS04 

By  comparison  with  that  of  the  PPS  side,  a  sli.stinctive 
S-p  spectral  feature  could  be  seen  on  the  O^-treated  PPS 
interface.  We  conclude  that  there  is  no  evidence  for  the 
presence  of  FeS  at  16l.8eV.  while  the  remarkable  peak 
at  168.5 eV,  belonging  to  FeSOa.  emerges  in  the  high 
BE  sites.  Since  the  introduction  of  an  abundance  of 
oxygen  promotes  the  conversion  of  SO,  to  S03*^  it  is 
reasonable  to  rationalize  that  an  enrichment  of  O, 
catalyst-induced  SO3  gas  causes  the  formation  of  more 
FeS04  than  FeS.  As  a  result,  the  formation  of  FeS04  as 
the  interfacial  reaction  product  appears  to  he 
responsible  lor  the  development  of  strong  interfacial 
bonds. 

Table  3  shows  the  elemental  compositions  at  the 


cross-section  areas  of  the  PPS/SS  joint  system.  In  N-. 
the  PPS  interface  removed  from  the  SS  was 
characterized  by  the  absence  of  Fe  and  the  presence  of 
a  small  amount  of  O.  Compared  with  the  SS  reference 
surface  (Table  I).  the  interfacial  SS  surface  had  4.4%  S. 
a  higher  C  concentration,  and  a  lower  O  and  Fe 
content.  The  detection  of  a  certain  amount  of  S  and  a 
higher  concentration  of  C  reflects  good  adhesion  of 
PPS  to  the  FeiOj  at  the  outermost  surface  of  SS. 
Concerning  the  absence  of  Fe  at  the  PPS  side,  the 
cohesive  failure  mode,  which  occurs  through  the  pps 
layer  adjacent  to  the  Fe,03.  can  be  proposed  for  this 
joint  system.  Of  particular  interest  is  the  chemical 
composition  at  the  interface.s  of  the  02-induced  PPS/SS 
joint.  The  following  two  chemical  characteristics  can 
be  described  on  the  interfacial  SS  surface: 

I)  the  presence  of  S  atoms  in  amounts  similar  to  that 
observed  on  the  PPS  side;  and 


Table  3.  Elemental  composition  of  interfacial  PPS  and  SS  surfaces  at  PPS/SS  joint  in  N2  and 


Heating  environment  Failed  side  Atomic  concentration  (%) 


s 

C 

0 

Fe 

N, 

PPS 

12.7 

83.9 

3.4 

_ 

N, 

SS 

4.4 

82.3 

12.7 

0.5 

O2 

PPS 

13.3 

81.0 

5.6 

0.1 

O2 

SS 

14.3 

24.4 

56.5 

4.8 
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2)  the  introduction  of  a  large  amount  of  O  into  the  SS 
side. 

This  finding  suggests  that  a  substantial  amount  of 
interaction  products  containing  S.  O  and  Fe  atoms 
remains  at  the  SS  side,  whereas  there  are  few  residual 
reaction  products  adhering  to  the  PPS.  Thus,  the  locus 
of  interfacial  failure  appears  to  occur  through  the 
reaction  product  layer  near  the  PPS.  Fig.  4  shows  the 
Snp  region  for  both  interfacial  sides  after  treatment  in 
Nn  and  O3.  The  S^p  spectrum  for  the  PPS  interface  in 
the  Nn-treated  joint  system  features  a  simple  peak 
containing  only  a  single  line  at  161SeV  originating 
I'rom  S  in  tlie  PPS.  There  wa.s  no  indication  of  peaks  at 
161. H  and  l6H.,‘>eV,  which  rctlcct  the  formation  ot'  FeS 
and  FeSOa,  respectively.  In  contrast,  the  emergence  of 
a  pronounced  line  at  161. X  and  l6S>.()oV.  while 
maintaining  the  major  lino  at  l6.f.H  cV,  was  ohscrvcLl 
Irom  the  .S.S  interface,  thereby  accounting  for  a  certain 
amount  of  reaction  products  remaining  on  ihc 
interfacial  SS  surface.  Regarding  Ihe  reaction  prodiicls, 
the  new  peak  at  164.0  cV,  corresponding  lo  ~  1)..'^  eV 
higher  position  than  that  of  FcS(24.  m;iy  ho  associaicd 


with  the  formation  of  ferric  sulphate  |Fe;{S04)j| 
which  could  be  generated  by  the  reaction  of  Fe^O^  with 
three  moles  of  SO3  on  lieating''*.  We  also  inspected  the 
Feipj.o  region  to  distinguish  between  Fe((I)  and  Fefill) 
sulphates.  However,  it  was  very  difficult  to  distinguisli 
the  photoelectron  line  of  these  sulphates,  because  of 
the  superposition  of  the  strong  Fe^O,  signal.  Striking 
changes  in  spectral  features  occur  as  0^  is  introduced 
into  the  critical  interfacial  zones.  The  particular  feature 
oi  tile  Sip  .signal  at  the  SS  side  was  an  intense  single 
peak  at  l64.0eV,  suggesting  that  only  Fc^fSOgii  as  the 
interaction  product  was  left  on  the  S.S  side.  A  weak  line 
at  164(1  eV  was  also  detected  from  the  PPS  interface 
away  from  the  SS 

Considering  that  ilic  PPS/SS  (Oim  svsteiti  prcpacoil  in 
(”);;  displays  ihc  highest  hoiul  strength  In  this  senes  ot 
tests,  it  can  he  concluticd  that  the  CNtciit  ot  PPS 
adhesive  bonding  to  metal  substrates  rlepends  pn manly 
on  the  species,  ami  on  the  amoiim  of  S-ielaiorl  IT- 
compounds  i'onncrl  as  interaction  products  at  the 
critical  interfacial  contact  /ones  beivveen  PPS  and  the 
siihstrato.  The  cli'cciivc  reaction  products,  which  play  a 
major  role  m  the  iiicrca.se  in  bond  .sirciigth.  have  the 
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Tabla  4.  Atomic  concantration  of  N2  and  02*treated  PPS/G*S  intsrfaces 


Heating  environment 

Failed  side 

Atomic  concentration  (%) 

P 

S 

C 

0 

Cr 

Zn 

Mz 

PPS 

9.3 

8.3 

51.0 

24,9 

1.1 

5.4 

Mz 

G-S 

10,5 

7.5 

48.0 

26.0 

1.9 

6.2 

O2 

PPS 

13.6 

3.2 

36.0 

37.0 

2.3 

7.8 

Oj 

G-S 

16.0 

3.8 

35.7 

33.8 

2.3 

8.5 

following  order:  FeiCSOali  >  FeS04  >  FeS.  Thus,  the 
Oi-catalysed  reaction  products  at  the  interfaces  are 
responsible  for  the  improvements  in  bond  strength  of 
PPS/metal  joints. 

Table  4  gives  the  elemental  compositions  for  both 
interfacial  failure  sides  in  the  PPS/G-S  joint  system.  For 
the  sample  made  in  Nx  the  interfacial  PPS  surface  had 
a  composition  closely  resembling  that  of  the  G-S 
interface.  The  detection  of  a  certain  amount  of  Cr  and 
Zn  on  the  PPS  interface  demonstrated  that  these 
elements  migrate  from  the  substrate  to  the  coating 
sides  during  failure  of  the  bond.  The  amount  of  Zn 
detected  on  the  G-S  side  is  considerably  greater,  and 
the  amount  ofCr  substantially  less  than  that  observed 
on  the  reference  G-S  surface  (see  Table  1).  This  finding 
suggested  that  the  S  in  pps  preferentially  reacts  with 
the  Zn  in  the  substrates,  rather  than  with  Cr.  Hence, 
failure  is  certain  to  occur  through  the  reaction  product 
layers  formed  at  the  interfaces  between  PPS  and  G-S.  A 
similar  locus  of  failure  was  observed  from  the  O1- 
treaied  adhesion  sample;  the  chemical  compositions  of 
both  failure  surfaces  are  close.  The  only  difference  was 
that  more  P.  O.  Cr  and  Zn  remained  in  the  cross- 
section.  while  the  amounts  of  S  and  C  were  reduced.  In 
particular,  the  increased  amounts  of  residual  Zn  and  O 
atoms  reflect  the  formation  of  oxygen-rich  zinc 
compounds  at  the  interfaces. 

To  identify  the  interaction  products,  we  inspected 
the  Sip  regiirn  for  both  the  interfaeial  PPS  and  G-S 
surfaces  (Fig.  5).  The  resultant  Sip  signal  for  the  Ni- 
treated  cross-sections  had  at  lea.st  two  resolvable  peaks 
at  163.8  and  161.9  eV.  The  former,  as  the  major 
component,  reveals  the  PPS.  and  the  latter  is  likely  to 
he  assigned  to  the  formation  of  S-related  zinc 
compounds  as  interfaeial  reaction  products.  As 
reported  by  several  investigators''^  "■  the  line 
emerging  in  a  low  BE  site,  ranging  from  160.5  to 
162.0  eV,  commonly  relates  to  metal  sulphide 
compounds.  Hence,  zinc  sulphide  (ZnS).  rellected  by 
the  peak  at  161.9 cV.  was  formed  hy  the  reaction  of 
ZnO  with  SO:  ‘tnri  SOx  ga.ses  at  the  PPS/G-S  interfaeial 
regions.  Since  no  Fe  from  the  underlying  steel  is  found 
on  cither  interfaeial  sides,  we  believe  that  the  adhesion 
of  the  ZnS  phase  formed  as  a  reaction  product  to  the 
zinc  layer  is  much  poorer  than  the  adhesion  of  zinc  to 
the  steel  substrate.  Compared  with  the  sample,  a 
quite  different  Sip  signal  can  bo  seen  on  both  Oi- 
induced  interfaeial  sides.  The  distinct  spectral  features 
were  the  growth  of  a  prominent  line  at  the  high  lit- 
position  of  169.5  cV,  with  a  considerable  attenuation  of 
peak  intensiry  at  161.9  eV  at  the  interfaces.  It  is  well 
known'^'  that  when  ZnS  is  fully  exposed  to  air  at  an 
elevated  temperature,  oxidation  leads  to  the  conversion 


of  ZnS  into  zinc  sulphate  (ZnS04).  Assuming  that  such 
oxygen  catalysed  ZnS  -*•  ZnS04  conversion  occurs  at 
the  interfaces,  the  strong  line  emerging  at  169.5  eV  is 
due  to  the  formation  of  ZnS04.  This  conversion  is 
correlated  directly  with  the  striking  decay  of  the  ZnS 
line  at  161.9  eV, 

The  interfaeial  ZnS-*  ZnS04  phase  transition 
appears  to  create  detrimeniai  boundary  layers  which 
play  an  active  role  in  the  catastrophic  loss  of  bond 
strength  in  joint  samples  exposed  to  oxygen. 

Conclusions 

The  findings  from  an  XPS  study  of  the  interfaeial 
failure  sides  in  polypheneylene  sulphide  (PPS)-to-metal 
joint  systems  prepared  in  Ni  and  O2  gases  at  350'’C 
lead  to  the  following  generalized  conclusions. 

When  PPS  slurry  coatings,  consisting  of  PPS  powder 
and  isopropyl  alcohol,  were  deposited  on  the  surfaces 
of  cold-rolled  steel  (CRS)  and  stainless  steel  (SS).  the 
PPS/subsirate  bond  strengths  developing  in  the  fusing- 
cross-linking  process  of  PPS  at  elevated  temperatures 
depend  primarily  on  the  reaction  products  formed  by 
the  solid-gas  interaction  between  the  SOi  and  SOj 
emitted  from  PPS.  and  the  FeiOi  layer  at  the  outermost 
surfaces.  A  high  rate  of  SO1-*  SOj  conversion,  which 
occurs  when  there  is  free  access  to  oxygen,  resulted  in 
the  formation  of  ferric  sulphate  |Fe;(S04)i|  a.s  a 
reaction  product,  which  was  responsible  for  the 
development  of  hond  strength.  The  efficacy  of  sulphur- 
related  iron  compounds  in  improving  adhesion  force 
was  rated  in  the  following  order: 

Fe2(S04)i  >  FeS04  >  FeS.  Since  such  interaction- 
induced  Fe-S  compounds  are  generally  known  as 
corrosion  products  of  steels''’'^,  studies  are  being  made 
on  the  influence  of  these  compounds  on  the  cathodic 
reaction. 

In  PPS/galvanized  steel  (G-S)  joint  systems,  the 
interfaeial  interaction  between  the  PPS  and  the  ZnO 
cxi.sting  at  the  top  surface  layers  of  G-S.  in  the  N^. 
induces  ZnS  a.s  a  reaction  product.  By  contrast,  a 
considerable  reduction  in  hond  .strength  was  observed 
in  the  PPS/(i-S  joint  svstem  preptired  in  O^.  The  reason 
I'or  the  caiastrtipbic  loss  in  strength  was  due  to  the 
I’ormaiioii  ol  weak  boundarv  lavers  of  ZnSOj.  wlncli 
was  derived  from  the  oxvgcn-catalvscd  conversion  ot 
ZnS. 
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The  characteristics  of  melt-crystallized  polyphenyletheretherketone  (PE£Kj  as  an 
adhesive  for  steel-to-steel  joints  have  been  investigated.  Interfacial  chemistry,  which 
plays  an  important  rote  in  determining  whether  adhesion  wilt  be  poor  or  good  at  PEEK/ 
steel  interfaces,  involved  the  following  reactions.  Oxygen-catalysed  deformation  of  peek 
in  air  led  to  a  low  rate  of  crystallinity,  which  gave  poor  adhesion  to  the  steel  surfaces. 
The  enrichment  of  Fe203  by  extensive  oxidation  of  the  interfaces  also  created  an 
undesirable  boundary  region,  thereby  indicating  that  failure  occurs  cohesively  through 
this  weak  Fe^Oj  layer.  X-ray  photoelectron  spectroscopy  (XPS)  data  suggest  that  there 
is  no  chemical  interaction  of  well-crystallized  PEEK  with  Fe203  at  the  top  surface  of 
steels.  In  contrast,  in  nitrogen,  interfacial  Fe~  and  Cr-O-C  complexes,  formed  by  a 
charge  transfer  between  elemental  Fe  or  Cr  in  steel  and  oxygen  in  the  ketone  groups 
(C=0)  of  crystallized  peek,  contributed  significantly  to  strengthening  the  PEEK-to-steei 
bonds. 

Key  words:  adhesion;  adhesive-bonded  joints;  polyphenyletheretherketof^e;  steels; 
crystallization;  interface 


Crystalline  polyaryl  thermoplastics,  such  as 
polyphenylenesulphide  (pps).  polyphenyleihereiher- 
ketone  (peek)  and  polyphenyletherketone  (pek),  have 
common  chemical  features  consisting  of  aromatic 
backbone  chains  coupled  with  oxygen,  ketone  and/or 
sulphur.  When  these  linear  polymers  are  left  in  an 
oven  at  a  temperature  above  (heir  melting  point  of 
>280“C.  chain  extension  of  the  main  phenyl  groups 
caused  by  melting  leads  to  molecular  orientation, 
which  is  reflected  in  the  crystallization  of  the  polymers 
during  cooling  from  ihe  melting  temperature  to  a  lower 
lemperature.  Such  crysiallizaiion  behaviour  of  the 
polyaryls  gives  them  .■tpeciUc.  desirable  characteristics 
as  adlie.sivcs  such  as  high  temperature  stability,  high 
radiation,  chemical  and  hydrothermal  re.sistance,  and 
good  mechanical  and  dielectric  propertie.s.  Thus, 
polyaryls  have  become  of  increasing  iniere.si  for 
applications  in  coatings,  as  adhesives  and  in 
composites. 

In  a  previous  study,  the  authors  investigated  the 
Interfaces  of  pps-to-meial  joints  prepared  in  oxygen 


(Oj)  or  nitrogen  (N2)  environments  at  350°C‘.  The 
results  suggested  that  the  strength  of  the  bonds 
depends  primarily  on  the  species  of  sulphur-related 
iron  compounds  formed  as  reaction  products  at  the 
interfaces.  The  formation  of  oxygen-catalysed  reaction 
compounds  by  the  introduction  of  oxygen  into  the 
interfacial  regions  gave  better  adhesion  than  the  bond 
structure  assembled  in  gas. 

As  part  of  our  ongoing  research  to  understand  the 
chemical  nature  and  role  of  ihe  interfaces  contributing 
to  good  adhesion  of  polyaryl.s  to  metal  .substrates,  we 
next  focused  upon  ilic  peck  compound,  studying  us 
adhesion  to  metal  111  an  air  or  N-i  envjronmeni  at  high 
temperature.  There  were  two  major  objcciive.s:  one  was 
to  under.suind  the  ihermal  characteristics,  ciy.stalline 
behaviours  and  changes  in  chemical  conformation  for 
the  hulk  PEEK  polymer:  the  other  was  to  extimine  ihc 
degree  of  crystallinirv  of  peek  adjacent  to  metals.  ,ind 
to  model  the  inierfacial  bond  structure  and  the  failure 
mechanisms  of  the  bonds  in  pei  K-io-meiul  joint 
.sy.siems.  All  our  result.s  were  correlated  directly  with 
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the  iap-shear  bond  strength  of  metal-to-meial 
specimens  with  peek  adhesive  bonds. 

Experimental  details 
Materials 

The  metallic  substrates  used  were  commercial  ,4ISI 
1010  cold-rolled  steel  (Crs)  and  AISI  304  stainless  steel 
(sst.  Before  depositing  the  peek  Him,  the  surfaces  of 
these  steels  were  wiped  with  acetone-soaked  tissues  to 
remove  any  gross  contamination.  PEEK  powder  (an 
average  molecule  weight  of  40  000)  used  for  making  a 
slurry  was  supplied  by  Imperial  Chemical  Industries 
(ICl).  The  peek  slurry  consisted  of  45  weight  %  {wt%) 
PEEK  and  55  wt%  isopropyl  alcohol. 

Maesuramants 

Information  on  the  thermal  and  crystallization 
properties  of  bulk  peek  polymer  in  air  or  in  a  ‘J9.9%  Nj 
environment  was  gained  using  the  combined 
techniques  of  thermogravimctric  analysis  (TGa). 
differential  thermal  analysis  (DTa),  differential 
scanning  calorimetry  (dsC).  X-ray  diffraction  (XRD)  and 
X-ray  photoeiectron  spectroscopy  (xps).  These 
properties  included  the  thermal  decomposition 
temperature  and  its  mechanisms,  the  melting  point,  the 
exothermic  crystallization  temperature,  and  the  degree 
of  crystallinity.  We  investigated  the  chemical 
composition  and  states  present  in  the  substrate  surface 
and  on  the  bond-failure  side  at  interfaces  of  the  peek/ 
substrate  joint  systems  prepared  in  air  or  Nj  at  high 
temperatures  by  examining  the  peak  areas  and  from 
determinations  of  binding  energies  (be)  deduced  from 
XPS.  The  atomic  concentrations  for  the  respective 
chemical  elements  were  estimated  by  comparing  the 
.XPS  peak  areas,  which  can  be  obtained  from  the 
differential  cross-sections  for  core-level  excitation.  To 
set  a  scale  in  all  the  high-resolution  xps  spectra,  the 
binding  energy  was  calibrated  with  the  Ct^of  the 
principal  hydrocarbon-type  carbon  peak  lixed  at 
285.0  cV  as  an  internal  reference.  A  curve- 
deconvolution  technique  using  a  DuPont  curve 
resolver  revealed  the  respective  chemical  components 
from  the  high-resolution  spectra  of  each  element.  To 
support  our  XPS  data,  the  peek  interfaces  removed  from 
the  substrates  were  explored  with  scanning  electron 
microscopy  (sem)  and  xrd, 

The  lap-shear  tensile  strength  of  metal-to-metal 
joints  was  determined  in  accordance  with  the  modified 
ASTM  Method  D-1002.  Before  overlapping  the  metal 
strips  (50  mm  long  and  15  mm  wide),  a  10  X  15  mm 
lap-area  was  coated  with  peek  adhesive.  The 
overlapped  metal  specimens  were  placed  in  an  oven  at 
4O0°C  for  2  h.  and  then  cooled  to  room  temperature  at 
the  rate  of  -  iO°C  min"'.  The  thickness  of  the 
overlapped  peek  film  ranged  from  25  to  75jum.  The 
bond  .strength  of  the  lap-shear  specimens  is  the 
maximum  load  at  failure  divided  by  the  total  bonding 
area  of  150  mm'. 

Results  and  discussion 
Properties  of  bulk  PEEK 

A  thermal  analy.sis,  combining  rciA  and  DTA.  revealed 
the  decomposition  characteristics  during  pyrolysis  of 


Temperoture  PC! 

Fig.  1  TGA  and  DTA  curves  for  the  thermal  decomposition  of  bulk  PEEK 
heated  in  air  or  Nj  at  a  rate  of  1 0°C  min  ' 

‘as-received'  peek  powder  samples  in  air  or  in  gas 
(Fig.  f).  The  TGa  curve  for  the  Nj  sample  (dotted  line) 
indicated  that  thermal  decomposition  (Tj)  starts  near 
6I0*C.  followed  by  a  weight  loss  of  ~40%  between  610 
and  700'’C.  This  reduction  reflects  directly  on  the  dt.a 
endothermic  peak  at  660''C.  Beyond  yOO^C,  weight  loss 
occurs  gradually.  Distinctive  differences  are  seen 
between  the  Ni  sample  and  the  sample  pyrolysed  in 
air,  namely,  the  tga  curve  has  two  decomposition 
stages;  the  first  begins  around  SyO^C  and  the  second 
occurs  between  ~610  and  -ySO'C.  These 
decompositions,  reflecting  the  dta  peaks  at  620  and 
7I0°C,  represent  two  different  peek  structures  that 
appear  during  pyrolysis  in  air.  In  addition  to  these 
findings,  a  large  weight  loss  of  >*>0%  occurs  at  ~730“’C. 
This  loss  is  more  than  double  that  of  the  N..  sample 
pyrolysed  ;jt  the  .same  temperature,  suggesting  that  the 
attack  by  air  at  a  high  temperature  signiticanily 
promotes  the  oxygen-catalysed  decomposition  oi’  peek. 

Fig.  2  gives  the  cyclic  Dsf  curves  at  different 
heating-cooling  rates  of  ±2,  5  and  10°C  min"'  in  N-  at 
a  temperature  range  from  75  to  400‘’C.  Cooling  from 
400°C  to  low  temperatures  was  accomplished  using  a 
DuPont  Mechanical  Cooling  Accessory  equipped  with 
a  DSC.  At  the  lowest  rate  of  ±2°C  min  '.  the  typical 


28  INT.J.ADHESION  AND  ADHESIVES  JANUARY  1992 


Fig.  2  Cyclic  DSC  curves  of  PEEK  .n  heatmg-cooling  rates  of  t.2,  5  and 
1 0"C  min"  '  in  ihe  temperature  range  7S  to  400*C 


Thermodynamic  DSC  scan,  heated  to  -tOO^C,  had  rwo 
endothermic  peaks  at  145  and  540“C.  revealing  the 
glass  transition  point,  T^.  and  the  melting  point,  T^. 
respectively^.  On  cooling  Ihe  melted  samples,  an 
exothermic  peak,  which  represents  the  heat  evolved  hy 
the  crystallization  of  peek,  was  recorded  at  308“C.  This 
exothermic  crystallization  point,  was  in  good 
agreement  with  that  reported  by  Blundell  and  Osbom^. 
When  the  rate  of  heating-cooling  was  increased,  the 
thermal  transition  curves  showed  that  the  and 
temperatures  slightly  increase,  while  shifts  from 
SOS’C  at  the  rale  of  -2‘’C  min”’,  to  298‘’C  at 
-  10°C  min“’.  From  the  above  TOa  and  DSC  results,  the 
Fm,  and  Fj  of  peek  in  an  N2  environment  occur 
around  340,  300  and  blO^C.  respectively. 

On  the  basis  of  this  information,  a  cyclic  DSC 
experiment  was  planned  10  find  the  repeated  melting- 
crystal  lizaiion  characteristics  of  the  same  samples  at 
temperatures  ranging  from  4(K)  to  25®C  in  air  or  N^. 
.Accordingly,  samples  were  prepared  in  the  following 
way:  DSC  aluminium  open  pans  were  filled  with 
samples  of  approximately  5  mg,  and  then  placed  in  an 
oven  at  400"C  in  air  or  for  2  h.  The  melted  samples 
were  subsequently  cooled  to  room  temperature  at  the 
rate  of  — iO'’C  min“'.  Then,  the  PEEK-filled  open  pans 
were  sealed  with  aluminium  covers.  The  sealed 
samples  were  heated  again  to  400®C  at  Ihe  rate  of 
+  10'’C  min"'  and  immediately  cooled  to  150®C  at  the 
rate  of  -I0°C  min"'.  The  resulting  DSC  curves  are 
shown  in  Fig.  3.  The  figure  shows  a  curve  with  a 
feature  similar  to  that  recorded  on  the  peek  sample 
(Fig.  2)  prepared  In  Ni  (unbroken  line).  In  contrast,  the 
curve  of  the  air-induced  sample  (dotted  line)  disclo.sed 
two  endothermic  peaks  at  temperatures  of  —310  and 
~330"C,  and  a  broad-weak  exothermic  peak  near 
260‘’C.  The  endothermic  peak  at  ''330°C  is  reasonably 
ihoughi  to  be  due  to  the  of  peek.  Similarly,  the  new 
peak  at  31I)°C  seems  to  relied  the  melting  point  of  a 
new  compound  formed  hy  the  oxidation  of  peek  in  hot 
air.  The  formation  such  a  new  compound  might  he 
inferred  hy  Ihe  appearance  of  the  weak  cxoihcrmic 
peak.  rcHecting  a  lower  degree  of  cry.stallinity 
compared  with  that  of  Ihe  N;  samples. 

To  visualize  the  mutuality  between  poor 
crysiallizaiion  behtivioiirs  and  changes  in  molecular 
conformaiion  of  the  oxidized  PEEK  polymers,  xrd  ami 
xps  analyses  were  made  of  the  400“C  air  or  lilm 
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KRO  paiterns  PEEK  preoarrjd  in  riJj  of  air 

.samples.  Fig.  4  sItows  the  resulting  xki>  tracings, 
ranging  from  ().K84  10  0  274  nm.  The  xrd  pattern  of  the 
Ni  sample  iiuilcalcs  the  presence  of  four  i/-spacings. 
(1.467.  0.42.  0.374  and  0.3(17  nm,  corresponding  to  the 
( 1 10).  (102)  or  ( 1 1  I ),  (2(KI)  and  (211)  phincs.  respeciivelv*. 
Dramatic  changes  in  the  (eatuves  of  the  tl  iff  radio  n 
paiiern  were  seen  in  the  air  samples,  in  which  the  weak 
lines  :it  (1 10)  tind  (200)  relleciions  were  still  presem  hut 
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the  (211)  plane  of  peek  had  almost  disappeared.  Thus, 
we  can  assume  that  the  oxidation  of  PEEK  inhibits  the 
progression  of  crv'stallization,  whereas  heating  in  N; 
results  in  the  development  of  well-crystallized  peek.  To 
understand  the  reason  tor  the  poor  crystallization  of 
the  sample  treated  in  air.  we  inspected  the  surfaces  of 
PEEK  tTlms  with  xps  after  exposing  them  for  up  to  24  h 
in  air  or  N-.  gas  at  4(>0°C.  The  extent  of  surface 
oxidation  as  a  function  of  exposure  time  was  estimated 
by  comparing  the  ratio  of  carbon  and  oxygen  on  the 
surface.  The  data  were  obtained  from  the  xps  Ci,  and 
0|5  peak  areas,  which  were  converted  into  elemental 
concentrations  by  means  of  the  differential  cross- 
section  for  core-level  excitation.  As  shown  tn  Fig.  5.  the 
C/0  ratio  of  the  400°C  air-treated  Him  surfaces  rapidly 
decreases  with  increasing  expo.sure  time,  suggesting 
that  oxidation  leads  to  the  Incorporation  of  additional 
oxygen  into  peek  surfaces.  However,  no  significant 
changes  in  C.''0  ratio  were  found  on  the  4t)0°C  Ni- 
ireated  surfaces.  To  substantiate  this  information,  we 
examined  the  high-resolution  spectra  of  the  Cj,  and  0(,, 
core  levels  for  surfaces  after  exposure  for  1.  3  or  24  h  to 
N-  or  air  at  -UX)®C.  Fig.  6  shows  the  and  Oi.,  regions 
of  N-.-ireated  surfaces.  Spectral  deconvolution  in  the 
Cl,  region  for  a  I  h-exposed  surface  showed  the 
presence  ot  four  resolvable  peaks  at  BE  positions  of 
285.0.  286.5.  287.6  and  291.6  eV.  .According  to  the 
literature"',  the  principal  component  at  285.0  eV 
reflects  carbon  in  the  aryl  groups.  The  assignments  of 
the  peaks  at  286.5  and  287.6  eV  as  minor  components 
are  due  to  C  in  ether  fC-O-C)  and  in  ketone  (C=0). 
respectively;  the  component  at  291.6  eV  is  attributable 
to  the  /r-*./!*  shake-up  satellite  peak  of  conjugated 
C=C  bonds  in  the  phenyl  rings.  When  the  exposure 
time  was  extended  to  24  h.  spectral  features  similar  to 
those  of  the  I  h-exposed  sample  were  depicted  on  the 
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Fig.  5  Changes  in  ihe  C/0  ratio  ot  PEEK  film  KUftacw  3S  a  lunchon  of 
exposure  umes  up  10  24  h  m  air  or  Nj  at  400”C 


film  surfaces,  implying  that  hoi  N;  gas  does  noi  cause 
any  conspicuous  change  in  the  molecular  conformation 
of  PEEK.  The  Ois  spectra  of  both  the  I  h-  and  24  h- 
exposed  films  had  two  peaks  at  533.6  and  .532.2  eV.  The 
former,  as  the  major  0-relaied  component,  belongs  to 
the  ether  oxygens  in  ihe  peek,  and  the  latter  belongs  to 
ketone  oxygens’.  Although  ilic  C],  and  O],  region.';  for 
the  .3  h-exposed  films  are  not  prescnied  In  the  figure, 
the  spectral  features  of  these  core  levels  were  similttr  !0 
tho.se  for  the  1  h-  and  24  h-exposed  films.  The  Ci,  and 
0|s  regions  of  a  hot  air-treated  Him  are  given  in  Fig.  ~. 
In  the  C|s  region  of  films  expo.sed  for  1  h.  the  spectral 
structure  closely  resembled  that  of  the  N2-treated  film. 
After  a  3  h  exposure,  the  spectrum  was  charactenzed 
by  a  significant  attenuation  of  the  .7*  shake-up 
peak  at  291.5  eV,  while  maintaining  almost  the  same 
peak  position  of  the  aryl  carbons.  C-0  and  C  =  0  at 
285.0,  286.5  and  287.6  eV.  By  comparison  with  these 
spectra,  there  w’cre  striking  changes  in  the  features  of 
extensively  oxidized  film  surfaces  after  24  h  treatments: 
(1)  the  disappearance  of  the  component:  i2’i  the 

emergence  of  a  new  peak  at  289.5  eV;  and  (3)  the 
overall  decay  of  the  signal.  A  po.ssible  reason  for 
the  first  result,  the  disappearance  of  .7-^.7*.  is  the 
break-up  of  7  bonds  in  the  phenyl  rings  due  to  oxygen 
atoms  impinging  on  the  peek  surfaces.  The  peak  at 
289.5  eV  (the  second  change)  is  assignable  to  carbon 
originating  from  carboxyl  groups  (-0-C  =  0)'.  The 
third  result  reflects  the  decay  of  ether,  ketone  and  aiyl 
groups.  Inspection  of  the  0|,  spectra  provided  funher 
insights  on  the  oxygen-catalysed  decomposition  of 
PECK.  The  Ojs  spectrum  (Fig.  7)  for  the  I  h-aged  films 
contains  two  distinct  lines,  due  to  ether  oxygen  atoms 
at  533.6  eV  as  the  major  component  and  carbonyl 
oxygen  atoms  at  532.2  eV  as  the  minor  one.  Alter 
exposure  for  3  h.  there  is  a  reduction  of  line  intensity  at 
532.2  eV.  Extended  oxidation  times  to  24  h  led  to  the 
emergence  of  new  peak  at  532.7  eV  corresponding  to 
the  carboxyl  oxygen  atoms,  while  the  line  intensity  of 
C-0  continuously  diminished.  Thus,  the  high  degree 
of  oxidation  of  peck  not  only  promotes  the  breakage  of 
bonds  within  ihe  aryl  groups  and  the  rupture  of  ketone, 
which  directly  links  wo  phenyl  rings,  hut  also  results 
In  the  formation  of  carhoxyl  groups  from  the 
incorporation  of  additional  oxygens  into  the  damaged 
PEEK  structure.  However,  the  mechanism  of  oxygen- 
induced  decomposition  of  peek  remains  obscure. 
Overall,  these  data  clearly  demonstrate  that  the 
decomposition  of  aryl  and  ketone  groups  brought 
about  by  the  increasing  oxidation  of  peek  significantly 
inhibits  the  rate  of  crystalliniry. 


Interfaces  of  PEEK-to-metal  joints 

In  preparing  the  metal-to-t't'.rK  joints,  the  colil-rnlfed 
steel  (CHS)  ttnd  stainless  steel  (ss)  surliices  were  wiped 
with  aceione-soakcrl  tissues  to  remove  any  eniiiainui- 
aiion  from  mill  nil.  The  pi-i'k  illni  wms  deposiicvi  on  ih.e 
surfaces  ol  the  i  ns  ,mil  ss  Mibstraies  in  the  loilowine 
way.  First,  the  substrates  were  dippctl  into  a  I’l  i-k 
slurry',  consisttng  ul  45";,  wi";,  pt  i-’k  aitrl  .s.'  wt"',' 
isopropylaicohol  at  'y'C.  Then  the  skiny-co;iied 
siihstrates  were  heaievl  in  air  or  N:  .n  I'or  Ii  lo 

mcit  Ihe  Pi'i  K  powrler.  anrl.  ,u  the  same  lime,  to 
volatilize  the  isopropylaicohol.  To  iiuiuce  eiysiaili/aiion. 
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Fig.  6  XPS  3r»d  0,.^  COre-lev^!  so^cli'd  PEEK  (ilm  surfaces  exposed  for  1  and  24  h  m  Nj  at  400^*0 


the  melted  PEEK  was  cooled  to  room  temperature  at  the 
rate  ol'  —  10°C  min  ’ 

Fig,  H  shows  the  lap-shear  bond  strengths  of  the 
meial-io-metal  peek  adhesive  joints.  The  data  verified 
that  the  bond  strengths  depend  primarily  on  the 
ambient  atmosphere  during  the  melting-crystallization 
process,  and  on  the  species  of  substrate.  The  strengths 
of  specimens  prepared  under  Ni  are  much  higher  than 
those  for  specimens  made  in  air.  .■Mso.  the  development 
of  interfacial  bond  strength  in  the  ss/peek  joint  .system 
is  better  than  that  of  the  crs/peek  .system. 

To  clarify  the  causes  of  good  and  poor  interfacial 
bonds',  .KPS  was  used  to  explore  failure  surfaces.  The 
\ps  chemical  compo.sition  of  acetone-cleaned  crs  and 
ss  .substrate  surfaces,  and  the  Piii'K  surfaces  masle  in  N;> 
anil  iiir  at  4(](]®C.  tire  given  ti.s  reference  data  in 
Table  1.  Table'  shows  the  elctuental  compositions  for 
the  cros.s-sectit>n  samples  of  the  i*rr.K/'S  RS  joint  system 
alter  exposure  to  N;.  and  «>  air.  In  N-..  the  interlace 
chemical  con.stiluenis  of  the  I’t.rK  ami  crs  sides  were 
similar  to  those  of  the  bulk  i>ri  K  and  ba.se  c  rs  surl'accs 
(Table  1).  suggesting  that  failure  occurs  tii  the  imerlace 
berwccii  peek  and  t'RS.  There  was  a  striking  difference 


between  these  findings  and  those  from  the  air-treated 
samples:  namely,  a  large  amount  of  oxygen,  a  low 
amount  of  carbon  and  3.7%  Fe.  belonging  to  the  crs. 
was  detected  on  the  peek  side  removed  from  the  crs 
substrate.  3'herefore.  failure  can  be  figured  as  a 
cohesive  mode  which  occurs  through  Fe-related  oxide 
compound  layers  at  the  top  surface  of  CRS,  close  to 
PEEK.  This  failure  mode  suggested  that  the  introduction 
of  air  into  the  Interfacial  zones  promote.s  the  extent  of 
interaction  between  PEEK  tind  Fe  oxides.  We  believe 
that  such  reaction  products  are  much  stronger  than 
those  of  Fe  oxide  layers. 

To  support  this  information,  we  inspected  the  high- 
resolution  Cl.,  and  Oi>  core-level  spectrsi  of  both  ilie 
PEEK  and  CRS  intcrtiicial  .sides  for  N^-  or  ;iir-tre;iied 
.samples  (Figs  ')  and  1(1).  In  the  spectral  fetmiie  ot' 
the  Cl,  region  for  the  pt-TK  interfiice  (see  Fig  'll  closeK 
resembled  those  of  the  bulk  pf  EK  surfaces  (Fig.  b) 
prepared  in  the  same  environment.  The  C|,  region  of 
the  inierfacial  CRS  side  iuis  at  letist  four  re.solvahle 
Gaussian  components  at  3S.\0.  2S(s.5.  and 
289.2  eV.  which  lelleci  the  C  in  hydrocarbons,  ether  or 
alcohol,  aldehyde  or  ketone,  and  carboxylic  acid  or 
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F'g-  ^  Q,  an'l  Ois  regions  for  P€EK  film  surfaces  after  eaoosure  (or  f .  3  and  24  h  to  air  at  400^C 


ester,  respectively’.  No  n-*  n*  shake-up  satellite  near 
291.5  eV  was  found  on  the  failed  CRS  sides.  Thus,  these 
carbon  species  detected  from  the  crs  sides  are  more 
likely  to  be  associated  with  the  contaminating  carbons 
in  CRS  itself,  rather  than  being  PECK-related  carbons.  As 
expected,  the  Ojs  spectrum  for  the  peek  interface 
features  a  typical  peek  Oij  structure  containing  a  major 
line  at  533.6  eV  originating  from  O  in  ether  and  a 
minor  line  at  532.2  eV  from  O  in  ketone.  By 
comparison  with  the  peek  side,  a  distinctive  Oi^  signal 
structure  was  seen  on  the  CRS  interface:  namely,  a 
principal  component  at  530.5  eV,  and  minor  ones  :it 
5''2.2  and  533.6  eV.  The  530.5  eV  line  can  be  ascribed  to 
oxygen  in  the  ferric  oxide  (Fe^O^)^  In  fact,  the 
formation  of  FcjO^  also  was  contirmed  from  the  main 
core  line  at  710.9  eV  in  the  Fei|,i/2  region  (not  shown). 
The  other  iines  at  532.2  and  5.33,6  eV  seem  to 
correspond  to  oxygen  in  ketone  or  itklehyde.  and  ether 
or  ester  .  as  the  contaminants  of  t  tcs.  Fig.  10  gives  the 
C(,  and  O),  regions  for  both  interfaciul  sides  .liter 
ireatinent  in  air.  As  .shown.  and  ()(^  spectral 
leature.s  similar  to  those  of  the  c  RS  interface  were 
observed  from  the  inierfacial  PPI-K  side  This  llndittg 
implied  that  the  FciO;!  compounds  atui  containitiating 
specie.s  are  transferred  from  the  CR.s  to  the  I’l-.EK  siilc  a.s 


the  interfacial  bond  progressively  fails.  One  iraponaiii 
factor  affecting  a  better  bonding  pert'ormance  is  the 
degree  of  crysialltnity  of  the  peek  film  adjacent  to  the 
t'Rs.  Fig.  1 1  illustrates  the  .xrd  tracings  for  the  cross- 
section  PEEK  samples  of  peek/'CRS  joint  systems 
prepared  in  Ni  or  air.  The  diffraction  patterns  lor  (a) 
the  N;  and  (b)  the  air  samples  showed  features  similar 
to  those  obtained  from  hulk  peek  (Fig.  4):  namely,  a 
well-crystallized  peek  layer  in  the  vicinity  of  the  cRS 
substrate  is  formed  when  the  joint  is  prepared  in  Ni. 

In  contrast,  the  introduction  of  oxygen  inio  the  critical 
contact  zones  of  the  interface  for  the  air-treated 
.sy.stenis  resulted  in  a  low  degree  ot' crystallinity  of  peek 
adjacent  to  the  sub.straie.s.  Such  an  effect  appears  to  be 
due  to  oxygen-c.'italysed  deformation  of  the  pi.f-k 
staiciure,  signifying  that  the  major  phase  of  mierfacial 
PEEK  layers  is  the  ,iinorphous-type  polymer.  .Altluaigh 
PI  E.K  was  ditniaged  by  the  attack  ol' oxygen,  ihe  vi's 
data  suggested  that  oxidized  I't-CK  lavonr.ihiy  links  to 
FciOi  on  tlie  top  surt'ace  oI'irs.  The  Innul  strengili  ol 
.iir-treaied  specimens  is  much  weaker  tfuui  that  oi 
Nytreated  specimens,  possibly  because  o.xidaiioii  :n  me 
PEEkA  us  joints  results  in  an  extensive  production  of 
mechatiicaliy  weak  Fe^Oi  layers,  rattier  ilian  the  loss 
being  caused  by  tite  potir  crx'.siailizaiion  ot'  pt  i-k.  In 
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Frg.  8  Lap-shear  bond  suength  for  meTSl*tO-metd1  PEEK  adhesive  joints 
prepared  m  air  or  ^2  at  400^*0 


fact,  xps  inspetiion  of  ihe  failing  sides  showed  that 
they  expressed  the  cohesive  mode  in  which  bond 
failure  occurs  through  the  FeiO-s  layers. 

Table  3  presents  the  elemental  compositions  for 
both  interl'acial  I'ailure  sides  in  the  peek/.ss  joint 
system.  For  the  .sample  made  in  Ni.  the  PitCK  interface 
had  a  composition  closely  resembling  that  of  ihe 
rclerence  pei-.k  (see  Table  I).  The  amount  of  C  ileiecied 
on  the  ss  sirle  was  consideriibly  greater,  tinti  the 
ainouni  ol'O  and  Fe  .substaiUitilly  less  tliati  that 
observed  on  the  relerencc  SS  surface,  whdc  there  Wiis 
no  signtil  for  Cr.  thereby  accounting  for  ii  ecriain 
amount  of  reaction  proiliicts  remaining  on  the  inter- 
facial  ss  surlaces  This  llnding  suggested  ihai  i>rp,K 
favourably  reacts  with  the  SS  surfiices.  Hence,  failure  is 
cenain  to  occur  through  the  i>i:i  K  ailhesive  layers.  t)n 
the  other  hand,  a  slillcrent  locus  of  tailure  w;t.s 
ohserved  from  the  air-treated  adhesion  sample;  the 


Table  1.  XPS  elemental  analysis  of  bulk 
polyphenyletheretherketone  (PEEK)  and  substrates  as 
reference  surfaces 


Coatings  and 
substrates 

Atomic  concentration  j%) 

Cr 

c 

0 

[Vln 

Fe 

PEEK  made  in  N2 

37.5 

12.5 

_ 

_ 

_ 

PEEK  made  m  air 

86.9 

13.1 

— 

— 

— 

CRS 

25.3 

59.9 

1.7 

12.5 

— 

SS 

53.3 

34.4 

— 

5.5 

1.S 

CRS  —  1010  cold-rolled  sreel;  SS  —  30*  siaintess  sieel 


Table  2.  Chemical  composition  of  both  interfaciai 
failure  sides  for  N2'  and  air- treated  PEEK/CRS  joint 
systems 


Heating  Failed  side  Atomic  concentration  (%) 

environment 


C 

0 

Mn 

Fe 

Nj 

PEEK 

37.9 

12.1 

_ 

Nj 

CRS 

30.7 

58.1 

1.5 

9.7 

Air 

PEEK 

47.8 

48.5 

— 

3.7 

Air 

CRS 

34.3 

59.6 

0.3 

5.3 

chemical  compositions  of  the  interfaciai  peek  and  ss 
sides  are  similar  to  those  of  the  reference  sample 
surfaces  except  that  more  O  was  incorporated  into  the 
ss  side,  implying  that  ihe  interfaciai  ss  was  oxidized 
during  exposure  to  hoi  air.  Thus,  an  adhesive  failure 
mode,  which  occurs  at  the  PEEK/SS  interfaces,  can  be 
proposed  for  this  joint  system. 

The  identification  of  the  reaction  products  and  bond 
structure  at  the  interfaces  of  N;-induced  peek/ss  joints 
is  of  panicular  interest.  Again,  to  obtain  this 
information,  we  investigated  the  xps  and  core- 
level  spectra  for  both  the  interfaciai  peek  and  ss 
surfaces  (Fig.  12).  The  Cjj  region  of  the  interfaciai  ss 
side  exhibits  ihc  satellite  peak  at  291.5  cV. 

corresponding  to  a  residual  amount  of  peek  adhering 
to  the  ss  surfaces,  while  an  additional  new  peak 
appears  at  be  position  of  287.1  cV.  This  new  peak, 
situated  between  the  C-O  at  2845  eV  and  the  C  =  0  at 
287  6  eV.  mav  reveal  the  formation  of  metal-O-C 
complexes'’"*^'.  In  fact,  the  Ok  core-level  spectrum  of 
the  interfaciai  ss  side  shows  a  conspicuous  peak  at 
5.31.6  eV.  which  we  ascribe  to  mcta!-0  bond 
formation'",  and  the  attenuation  of  the  C-O  peak  in 
the  PEEK  at  532.2  cV.  while  an  ether  oxygen  in  the  peek 
at  .533.6 eV  and  Fe_>0<  oxygen  at  .■'.30..5eV'  are  present. 
(JnI'onunately.  iitrormaiion  on  ehemieal  homling  wa.s 
dilTicult  10  ohiitin  from  the  Fe  ••ind  Cr  core  levels, 
hecause  these  signals  were  itto  noi.sy  to  analyse  by 
deconvolution.  Although  funher  rleiailed  .\ps  studies 
will  he  rcquireel  to  ascertain  the  C'k  thua.  it  is  possible 
to  ii.ssume  that  the  nietal-O  bond  species  belongs  10 
the  Fc  or  Cr-O-C  model  compoutul.s  winch  are 
genertiiod  through  a  mcchanisin  involving  a  charge 
transfer  reaction  at  the  interfaces  between  the  C  =0  in 
pi  i'K  and  the  elemental  Fe  or  (fr  In  ss.  Thus,  reactive 
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(110) 


I - 1 _ 1 _ 

to  ZO  30 

Cu  Ka,  20 

Fig.  1  1  XRO  patierns  mrerfacial  PEEK  sidw  in  (a)  and  jb^air- 
ireated  PEEK/CRS  foinis.  and  in  (c)  Ny  and  Id)  air-K^aied  PEEK/SS  lomis 

groups.  Con.siclering  that  most  ol' the  high  lap-shear 
hood  strength  is  conl'erred  by  the  pi  t'K-to-s.s  joitit 
system,  .such  tin  interlaeial  P's  orCr-O-C  eovalent 
bond  tippears  to  play  an  active  role  in  improving  the 
strength  ol  this  bond.  Compared  with  the  N;  .sample, 
the  tltr-imluceiJ  ss  intertace  (Fig.  1.1)  .shows  quite 
dilTerent  C  ^  and  0,^  signals.  I  hus,  there  are  no  peaks 
present  corresponding  to  the  lormation  ol’  metid-O-C 
hondst  otherwise,  the  spccirtil  stgnal.s  are  similar  to 
those  ol'  the  cks  interlace  rcmovetl  I'rotn  pi'-.iik  in  air 


Tabis  3.  Atomic  concantration  of  N2*  and  air- 
traated  PEEK/SS  intarfacas 


Heating 

environmeni 

Failed  side 

Atomic  concentration  [%) 

C 

0 

Fe 

Cr 

Nz 

PEEK 

82.8 

17.2 

Nz 

SS 

76.3 

23.1 

0.6 

— 

Air 

PEEK 

84.5 

15.5 

— 

— 

Air 

SS 

41.1 

53.9 

3.7 

1.3 

(see  Fig.  10).  Therefore,  failure  is  not  a  cohesive  one 
through  the  peek  layer,  but  may  have  proceeded 
through  the  interface  between  peek  and  ss. 

To  further  suppon  our  findings  on  the  failure  mode, 
we  inspected  by  sem  the  microstructure  of  the 
interfacial  sides  of  peek  film  removed  from  ss  in  the 
joint  system  made  in  air  or  in  (Fig.  14)  The  sEVt 
micrograph  of  the  failure  surface  on  the  peek  side 
obtained  from  air-induced  joints  (Fig  14(a))  shows 
numerous  gutters  and  grooves,  probably  caused  by 
being  traced  out  by  the  profile  of  ss  surface  stnictures 
(not  shown),  retlecting  the  characteristics  of  the 
adhesive  failure  mode.  By  comparison  with  this  image, 
a  strikingly  different  one  was  observed  from  the  peek 
interface  in  the  N^-made  joints  (see  Fig.  14(b)). 

Namely,  the  failed  peek  side  showed  very  rough 
surfaces  resulting  from  extensive  plastic  deformation, 
which  is  characteristic  of  the  cohesive  failure  in  ductile 
peek  polymers.  This  failure  mode  probably  explains 
why  these  specimens  exhibited  such  high  lap-shear 
bond  strengths.  Returning  to  the  xrd  tracings  in 
Fig.  1 1,  the  diffraction  patterns  of  the  interfacial  peek 
sides  for  the  peek/ss  joints  prepared  in  N;>  or  air 
cfearly  verified  that,  although  the  species  of  metals  is 
different,  the  oxygen-catalysed  decomposition  of  peek 
caused  hy  introducing  air  into  the  interfacial  contact 
zones  leads  to  poor  crysiailinity  of  peek  in  the  vicinity 
of  the  SS  substrate  (see  Fig.  I  l(dl).  In  contrast,  well- 
formed  PEEK  cry.stals  are  obtained  in  N-.-induced  joints 
(Fig.  I  1(c)). 

Conclusions 

In  N:  gas.  the  melted  polyphenyleihereiherketone 
(PEEK)  polymer  can  be  exothermically  crystallized  on 
cooling  to  ~3(K)“C.  The  thermal  decomposition  of  well- 
crystallized  peek  begins  at  temperatures  near  blO’C.  In 
contrast,  peek  melted  in  air  had  a  low  rate  of 
crystallinity,  rellected  in  a  weight  loss  more  than  twice 
that  of  tlie  N;  sample  at  -TIO^C  and  ilie  onset  of 
thermal  decomposition  at  lower  temperature.  Such 
poor  crystallization  behaviour  mainly  resulted  I'rom  the 
decompo.sition  of  the  pn  k  structure  cau.setl  by  oxvgen- 
caialysed  breakage  of.T  bonds  in  the  ar\'l  groups  and 
rupture  of  the  ketone  groups. 

When  Pi-'i'K  was  applied  as  an  tidhe.sive  maieritil  in 
the  nietal-tn-meial  joint  svstems.  generally,  the 
following  tour  items  were  the  major  chemicitl  factors 
governing  the  hond  structure  ami  failure  of  PEEK/mctitl 
joints  prepared  under  air  or  at 

I)  Tlie  hotuling  I'ailure  of  Nyimluceil  pFGK/eolil-rolk\l 

Steel  (C'RS)  joint  w:is  proposed  as  an  adhesive  moile. 
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285.0 


285.0 


533.6 


Fig.  1 2  Ctg  and  spectra  al  Ihe  failure  locus  in  ihe  PEEK^'SS  joini 
system  prepared  in  Nj 

in  which  deliiminjiuon  ot'ihe  Pri=K  hlin  occurs  lU 
llic  i>pr.K/(  Rs  Miierlhcc.  No  clear  ovlLlencc  was  Ibund 
tor  the  chemical  mieniction  ol  I'P.rK  with  an  Fej;()r 
layer  at  the  lop  surface  oft  Ks  hy  X-ray 
photoeleciron  spcciroscopy  (XPs'). 

2)  The  lowest  hooLl  sirenjith  in  this  test  .senes  wtis  from 
tire  air-inducetl  i‘t:i-K/('RS  joint  .specirnen.s.  The  hick 
of  strength  was  more  likely  to  he  caused  hy  extensive 
lorniiiiion  of  mechanically  weak  Te^Oi  layers  at  the 


293  291  289  287  285  283  28i 

Binding  energy  (eV) 


533.6 


Fig.  13  C,^  3n(J  O,,  spectra  at  ir>e  lailure  locus  in  ihe  PEEJC'SS  |0in< 

system  Qrepdfed  m  air 
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interfaces,  rather  than  to  the  poor  crystallization  of 
the  PEEK  film  adjacent  to  the  FeiOj  caused  by 
oxidation,  because  cohesive  failure,  which  occurs 
through  the  Fe203  layer,  was  observed. 

3)  Three  tmponani elements  were  responsible  fora 
good  bond  at  PEEK/metal  joints:  (a)  the  formation  of 
Fe  or  Cr-O-C  complexes  bonded  covalently  by  a 
charge-transferring  reaction  between  oxygen  in  the 
ketone  groups  of  peek  and  elemental  Fe  or  Cr  in 
the  metals:  (bl  the  formation  of  a  weli-ctystallized 
interfacial  peek:  and  (c)  the  presence  of  a  moderate 
amount  of  Fe203.  The  Nj-induccd  PEEfc/stainless 
steel  (ss)  joint  fully  met  all  of  these  interfacial 
requirements,  developing  maximum  bond  strength 
and  having  a  cohesive  mode  in  which  failure  occurs 
through  the  peek  layer. 

4)  Although  the  conversion  rate  of  elemental  Fe  into 
FejOr  for  interfacial  ss  is  lower  than  that  of  CRS  in 
the  air-induced  peek/ss  joint,  poor  crystallization  of 
PEEK  caused  by  oxidation  resulted  in  a  lack  of 
interfacial  chemical  bonds,  reflecting  failure  at  the 
PEEK/SS  interfaces, 
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Three  different  cationic  polyurethane  dispersions  were  synthesized  and  their  adhesive 
properties  tested  on  polyvinyl  chloride/polyvinyl  chloride,  polyurethane/natural  leather 
and  rubber/natural  leather  systems.  In  some  cases  the  dispersions  were  cross-linked 
during  bonding.  The  kinetics  of  the  cross-linking  reaction  were  studied  by  infra-red 
spectroscopy  and  differential  scanning  calorimetry. 

Key  words:  adhesives;  polyurethane  dispersions:  formulation;  cross-linking;  reaction 
kinetics;  T-peel  strength 


Polyurethiine  solution  adhesives  are  widely  used: 
however,  lor  environmental  protection  reasons  the 
solvent-borne  sy.stems  will  be  gradually  replaced  hv 
water-borne  systems.  During  the  last  20  years  the 
synthesis  and  properties  of  polyurethane  aqueou.s 
dispersions  have  been  extensively  studied  by  many 
authors'"*’  Due  to  the  sensitivity  of  the.se  systems  to 
solvents  and  water,  in  some  eases  of  application  the 
linear  molecular  structure  of  the  polyurethane 
ionomers  eould  cau.se  problems.  This  detieiency  may 
be  overcome  by  cross-linking  the  system  during 
application'''^,  for  example  by  using  trimerized 
diisocyanates.  The  cross-linking  reaction  can  he 
followed  by  different  methods,  with  infra-red  (ir) 
spectro.scopy’  and  differential  scanning  calorimetry 
(DSC)**  being  particularly  convenient. 

In  this  work  the  adhesive  properties  of  three  cationie 
polyurethane  dispersions  to  four  different  materials 
were  examined.  In  some  expenmenis  the  polyurethane 
ionomers  were  cross-linked  during  application.  The 
kinetics  of  the  cro.s.s-linking  reaction  were  studied  by  ir 
spectroscopy  and  t)s( . 


Experimental  details 
Preparation  of  dispersions 

The  cationic  polyurethane  dispersions  were  synthesized 
t'rom  polycaprolactonc  (c.m'a.  .W,,  =  2(1(10  from  Solvay). 
i.4-butanediol  (hi>.  from  Bayer),  N-mcthyl- 
dicthanolamine  (NMi)i-.A.  from  Merck),  isophoroiic 


diisocyanaie  (ipdi.  from  Huels)  and  toluene 
diisocyanate  (TDt.  80%  of  the  2.4  and  20%  of  the  2.6 
isomers,  from  Soda  So)  using  a  standard  prepolymer 
process*'. 

In  the  first  step  the  isocyanate  prepolymer  is  formed 
t'rom  the  polymeric  diol  (polycaprolacione)  and  an 
excess  of  diisocyanate.  The  prepolymer  is  then 
di.ssolved  in  a  low  boiling  solvent  (normally  acetone) 
and  chain-extended  by  low  molar  mass  diols.  part  o( 
them  containing  ionic  groups  ( 1.4-hutanodiol. 
N-methyldiethanolamine).  In  the  next  step  the  ionic 
groups  are  neutralized  and  the  dispersion  is  formed  by 
addition  of  water  under  vigorous  stirring.  Tlie  solvent 
is  removed  by  vacuum  distillation  and  a  purely 
aqueous  dispersion  is  obtained,  as  shown  in  the 
reaction  scheme  illustrated  in  Fig.  I. 

The  ionomers  differed  in  their  molar  ratio  of  ipdi  to 
TDi  —  i.e..  .1:1  (samples  I  and  .1)  and  1:1  (sample  2)  — 
and  in  their  molar  ralio  of  c  \pa  to  bd  —  i.e..  1 :4 
(samples  I  and  2)  and  1:2  (sample  .1).  The 
concentration  of  ionic  groups  in  all  cases  was 
I)  .10  mmolg”'.  Formulations  are  given  in  Table  I. 

For  some  of  the  aLlhcsioii  tests  ihe  20";i  dispersions 
of  ihc  polyiirel lianc  ionomers  were  thickened  with  2 
weight  %  (wt  ■’•;,)  SiO.. 

During  application  the  ilispcrsions  were  cross-linkcil 
by  tnmeri'/ed  hcxamctliylettc  diisocyanate  (Desinodur 
N  from  Bayer,  containing  I  r’'ii  ol  NCO  groups)  or  bv 
isoevanurate  trimer  ( Desmodiir  DA  trom  Bayer, 
containing  Id.V':,  of  NCO  groups).  In  both  ca.scs  l()wt‘';i 
of  the  cross-linking  agcni  was  added,  calculated  on  the 
solids  content  of  the  dispersion. 
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[57]  abstract 

Hydroohylic  polyacids.  such  as  macromoieculcs  ot 
polyitacorac  acid  and  poiyacrylic  aad,  where  such 
macromoieculcs  have  molecular  weights  >  50.000  os 
primers  between  a  polymeric  top  coating,  such  as  poly¬ 
urethane.  and  an  oxidized  aluminum  or  aluminum  alloy. 
A  near  monolayer  of  primer  is  used  in  poiymcnc  ad- 
hesive/oxidized  aluminum  adhered  joint  systems  in 
0.05%  primer  concentration  to  give  superior  results  in 
standard  peei  tests. 

12  Claima,  2  Drawing  Sheets 
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POLYACm  MACSOMOLECXTLE  PRIMERS 

This  iavenuott  was  nude  with  Government  support 
under  contract  number  DE- aC02-T6CHCXX)16  bcrwcen  5 
tbe  U.S.  Depamnent  oi  Energy  and  Assoaatco  Umvcr- 
sides,  Inc.  The  Government  has  ccnam  nghts  m  the 
invesnon. 

BRIEF  DESCRIPTION  OF  THE  INVENTION 

The  present  invention  describes  the  foimulanon  and 
use  of  hydrophilic- type  polyacid  macromolecuies.  usu¬ 
ally  with  molecular  weights  greater  than  SO.(XIO,  to 
ngjuficantly  enhance  the  surface  characiensacs  of  oxi¬ 
dized  ahiminiim  and  alunmmm  alloys.  VVthen  these  poly-  11 
acid  macromolecuies,  which  coniaia  functional  cartxix- 
yiic  acid  pendent  groups  are  used  as  a  coupling  or  cross- 
liokisg  pnmer  in  polymeric  adhesive/oxidizea  aiumi- 
aum  adherend  ioint  sptems.  they  preferentially  mieiast 
both  with  the  hydrated  oxide  aJuminiim  adherend  lo  !□ 
form  hyorogen  bonds  and  with  the  funcnonal  groups  m 
the  adhesive  :o  yield  poJymer-io-polvmer  chemical 
bonding.  Tois  chemical  coupling  between  the  hydrated 
adherend  and  the  polymeric  adhesive  acts  sigmilcantiy 
to  promote  mtcn'aciai  adhesive  bonds.  It  appears  that  a  25 
hear  monolayer  ot  poly  acid  is  enough  to  occupy  all 
available  functional  groups  at  the  adhesive  and  alumi¬ 
num  surface  sites.  This  arrangement  plays  a  key  role  in 
governing  the  adhesion  durability  of  the  joint  system 
and  the  corrosion  resistance  of  aluminum  upon  expo-  30 
sure  to  a  corrosive  fluid.  The  bond  stability  and  corro¬ 
sion  protective  ability  are  due  pnmariiy  to  the  forma¬ 
tion  of  interfaciaily  produced  hydrophobic  reacnon 
products. 

BACKGROUND  OF  THE  INVENTION  ” 

The  important  factors  that  determine  t^  ability  of 
polymer  coatings  to  protect  stnictuiai  aluminum  sur¬ 
faces  from  corrosion  are  the  magnitude  of  the  wettabil¬ 
ity  of  the  AI  surt'ace  by  liquid  polymer  matenais  and  the  40 
stability  of  the  inccracnon  products  formed  at  polymer- 
to-Aj  inten'accs.  In  order  to  achieve  enhanced  wettabil¬ 
ity,  the  Al  surface  should  have  a  high  surt'ace  tree  en¬ 
ergy  for  enhanced  sunoce  reacuvity  and  sutricient 
roughness  to  provide  a  large  surt'ace  area  for  promoting  -is 
wettmg  and  mechanical  locking.  If  the  chemical  inter¬ 
action  at  the  polymer/ AI  Joint  results  in  the  formation 
of  valence  bonds,  mainly  covalent,  the  incerfactaily- 
fonned  interaction  products  will  not  only  result  in  an 
increase  in  the  basic  adhesion,  but  also  contnbute  to  a  30 
modification  of  the  chemical  composition  at  the  inierfa- 
cial  regions.  This  modification  should  be  associated 
with  the  formation  of  hydrophobic  interaction  products 
which  can  be  e.apressed  as  passivadng  layers. 

To  date,  two  commercial  surface  preparations  for  Al.  S3 
the  Forest  Products  Laboratory  (FPL)  preparanon 
[Eichner  et  al..  Forest  Products  Laboratory  Report  No. 

18 J3,  Madison.  Wia.,  1930]  and  the  Phosphoric  Acid 
Anodizadon  (PAA)  process  [Kabayaski  et  aJ..  Boeing 
Corporation  Report  No.  Db-H3l7,  Seattle.  ’'Vasfa..  60 
1974),  have  been  widely  applied  to  promote  interfacial 
bond  strength  at  alummum  ^hesive  joints.  The  purpose 
of  these  surface  treatments  is  not  only  to  mcrease  the 
roughness  of  the  Al  surface  thereby  enhancing  the  me¬ 
chanical  interlocking  bonds,  but  also  to  modify  the  63 
surface  chemical  compositions. 

One  significant  problem  that  has  been  encountered 
with  these  commercial  surface  preparations  is  that 


when  the  freshly  etched  aluminum  surt'ace  is  exposed  to 
moisture,  hydratton  begins  to  occur.  Considerable  at¬ 
tention  has  been  given  to  the  growth  and  transforma¬ 
tion  of  the  FPL  oxide  to  a  hydrated  oxide  .Al  in  the 
interfacial  regions  os  this  mterface  was  exposed  at  van- 
ous  tunes  to  a  humid  environment.  The  chemical  trans- 
formanon  commences  when  the  moisture  penetrates 
through  the  polymer  layer  and  reaches  the  original 
,  adherend  oxide  adjacent  to  the  adhesives.  The  reaction 
of  Al  oxide  with  moisture  results  in  the  formation  of  the 
hydrated  oxide  Al  which  represents  a  different  mor¬ 
phology  from  the  original  oxide.  This  interfacial  con¬ 
version  of  Al  oxide  to  hydroxide  leads  to  the  generation 
of  adhesion  stress  and  swelling  and  the  promotion  of 
crack  propagaaon  at  or  near  the  Al-hydioxide  inter¬ 
faces.  thereby  resulting  in  bond  failure  and  the  itucianon 
of  corrosion.  In  either  the  FPL  or  PAA  treatment,  an 
oxide  adherend  thac  will  resist  attack  by  moisture  is  the 
encicai  element  for  bond  durability. 

Prior  art  approaches  to  dealing  with  the  moisture 
problem  evolve  the  tailoring  of  the  reactive  stinace 
nature  usmg  organosilane  and  citanate  dcrrvcd  coupling 
agents  as  chemicai  modificanons  tor  .AJ  oxide  ano  hy¬ 
droxide  surt'aces.  However,  oligomers  or  unreocteo 
mono  silanols  are  sdll  present  in  the  coupling  layers. 
The  presence  of  unreacted  functional  silanol  leads  to 
the  hydrolysis  of  the  coupling  layer  brought  about  by 
penetration  of  moisture  through  the  adhesive,  as  the 
adhesive/coupling/ adherend  joint  system  is  exposed  to 
high  humidity  environments.  This  relates  directly  to  the 
hydrolytic  deianunaoon  failure  mode. 

The  simplicity  of  polyacid  molecules  such  as  the 
polyacryiic  acid  (PAA)  and  polyitacomc  acid  (PIA) 
macTomolecules,  which  consist  of  — GHz — CH—  mam 
chains  and  functional  carboxylic  acid  pendent  groups, 
makes  them  very  attractive  for  use  in  resolving  the 
problems  presented  by  the  prior  aa  matertais.  Work 
related  to  the  nature  of  interfacial  reactions  which  play 
key  roles  in  deccrmirung  the  extent  of  bonding  between 
PAA/PIA  and  crystalline  hydrate  conversion  coatings 
deposited  os  corrosion  protective  films  on  steel  surt'aces 
is  known  [Sugama  et  al.,  J.  Mazer.  Set,  19,  4045.  1984]. 
Even  chough  the  rough  surface  moqinoJogy  of  the 
converston  coaemgs  enhances  the  inicrt'acial  mechanical 
bonding,  the  reguiariy  oriented  pendent  carboxylic  acid 
groups  at  the  intertace  are  readily  accessible  to  proton 
donor-acceptor  mteracaons  to  form  hydrogen  bonhs 
with  the  polar  hydroxyl  groups  which  occupy  the  out¬ 
ermost  surface  sites  of  hydrated  crystal  layers.  This 
interacnon  behavior  of  PAAl/PIA  has  been  found  to 
play  an  essentiai  role  in  promoting  good  incercactal 
bond  performance. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  shows  the  peel  strength  aa  a  function  of  primer 
concentration  fon  (1)  polyurethane  (PU)/PLA/Ai  io); 
(2)  PU/poiyvtnyipyrrolidone  (PVP)/,AJ  ;  (J)  PU/- 
polyacryiamide  (PAM)/A1  (D);  and  (4)  PU/polysty- 
reneauifoiuc  acid  (PSSA)/A1  (A)  joint  systems  before 
and  after  exposure  for  30  hours  to  hoc  alkali  at  80"  C. 

RG.  2  shows  the  vanadon  m  180“  -peel  strength  of 
PU-PAA-aiuminuin  joints,  before  and  afier  e.xposure  to 
hot  NaOH  solution,  as  a  function  of  PAA  concentra¬ 


tion. 
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DETAILED  DESCRIPTION  OF  THE 
INVENTION 

The  present  invendoa  relates  to  a  polymer  topcoat, 
polyacid  primer,  and  oxidized  aluminum  or  aluminum  ! 
alloy  in  a  sandwicb  construcuoit.  The  polyacid  Is  se¬ 
lected  from  macromotecuies  >50,000  M.W.,  with 
polyitaconic  acid  (PIA)  and  polyacrylic  acid  (PAA) 
being  preferred.  The  polyacid  is  applied  In  near  mono- 
layer  depth.  This  primer  technique  overcomes  the  poor  10 
bond  strength  that  results  from  the  prior  art  approaches. 
Comparative  peel  strength  of  one  pret'erred  embodi¬ 
ment  of  the  present  invention  PU/PIA/Al  compared 
with  convendonai  polymeric  coats  is  shown  in  FIG.  1. 

As  seen  In  FIG.  L,  the  peel  strength  of  Che  unexposed  15 
PU/Al  control  specimens  prepaid  without  the  use  of 
primers,  was  Increased  by  more  chan  three  times  when 
a  PIA  intennediatc  primer  layer  was  applied.  In  con¬ 
trast.  the  use  of  polyvinylpyrrolidone  (PVP),  polysry- 
rcnesulfonic  acid  (PSSA),  and  polyacrylamide  (PAM)  20 
primers  was  less  elTeciive. 

The  present  invennon  describes  the  role  and  nature  of 
PAA  and  PIA  tor  use  as  a  primer  m  adhesive-treated 
almninuin  joint  systems.  In  one  embodiment  of  Che  pres¬ 
ent  invention,  the  joint  systems  can  be  composed  of  a  25 
Forest  Product  Laboratory  (FPL)  process-etched  alu- 
minum  adherend,  polyacid  primers,  with  PAA  and  PIA 
primos  being  pr^erred.  and  polyurethane  adhesive. 
The  FPL  aluminum  etching  process  involves  immerv 
mg  aluminum  in  a  hot  chromic  acid  solution  so  that  the  30 
surface  is  readily  oxidized  to  form  a  layer  of  amorphous 
AI7O5  and  Gamrrui-Al203  during  the  etching  process. 
One  of  the  most  significant  features  of  a  fresh  AljOs 
surface  is  its  extremely  high  susceptibility  to  cnobiure. 
The  revcrnblc  pbysisorption  of  water  is  known  as  a  lirst  15 
stage  tn  the  hydration  process  of  AI2O3.  When  a  freshly 
etched  surface  is  immersed  in  cold  water,  an  amorphous 
hydroxide  is  formed  at  the  outermost  surface  sites, 
whereas  a  surface  treated  with  hot  water  reveals  the 
formation  of  crystalline  boehmiie  and  bayerite  outer  <0 
layers.  Therefore,  the  compositions  of  aging  FPL 
etched  stin'aces  probably  consist  of  aluminum  hydrox¬ 
ide  or  hydrated  aluminum  oxide  layers  covering  an 
aluminum  oxide  layer. 

The  objective  of  the  present  invention  is  :o  use  the  45 
polyacid  pnmer  to  promote  adhesive  bonding  of  the 
FPL  adherend-PU  adhestve  joints  and  to  improve  the 
adhesion  durability  under  hot  alkaline  envirotuncats, 
the  type  01  enviroiiments  found  In  geothermal  applica¬ 
tions  among  others.  50 

The  thin  polyacid  primer  films  of  3  near  monolayer 
(<50A)  thickness,  which  are  applied  on  the  oxidized 
■aluminum  alloys,  are  prepared  as  follows:  (1)  the  acid- 
treated  aluminum  substrate  is  immersed  in  a  <0.1% 

PIA  or  PAA  solution  in  water  for  5  tuin,  at  room  tem-  55 
perature.  and  (2)  the  substrate  is  then  oven  heated  at  a 
temperature  ranging  from  100”  to  150*  C.  for  approxi¬ 
mately  30  min.  CO  solidify  the  polyacid  tnacromolecules. 

In  order  to  achieve  good  adhesion  of  poljttncr  adhe¬ 
sive  to  hydrated  aluminum  oxide  or  aluminum  hydrox-  60 
ide  adherend.  water-soluble  PAA  and  PIA  tnacromole- 
ciiies  are  applicable  as  a  pnmer  for  the  adherend-adhe- 
sive  joints.  When  the  polyacid  pnmer  is  contacted  with 
FPL -etched  aluminum  surfaces,  macromoiecules  hav¬ 
ing  regularly  oriented  functional  COOH  pendent  65 
groups  are  mobile  enough  to  continuously  wet  the  alu¬ 
minum  oxide  hydrate  surface  sites  at  which  the  Interfa- 
cial  chemical  affinity  is  particularly  favorable.  Subse¬ 


quently,  the  proton-donating  COOH  groups  form 
strong  hydrogen  bonds  with  the  polar  hydroxyl  groups 
as  proton  acceptors  which  form  on  the  outermost  sur. 
face  sites  of  oxidized  alummum.  The  pret'erred  hydro¬ 
gen  bond  formation  in  the  intenacial  regions  is  responsi¬ 
ble  for  Che  development  of  interfacial  bonding  m 
PAA/PIA  adherend  Joints.  The  presence  of  discontinu¬ 
ous  salt  formadon  at  the  interface,  which  results  from 
the  presence  of  nucleophilic  Na-^,  Ca*-t-,  and  Cu^  “ 
ions  00  the  etched  surface,  results  in  locally  generated 
disbondment,  thereby  reducing  the  bond  strength.  Thus 
such  salt  formadoa  should  be  avoided. 

In  addidon.  the  use  of  a  PAA  or  PIA  primer  im¬ 
proves  the  peel  strength  of  the  PU  polymer/adhercnd 
joints  because  of  the  interfaciai  chemical  reaction  oc- 
emring  between  the  carboxylic  acid  groups  of  P.V-v 
and  PIA.  and  the  Isocyanate  grouns  in  the  PU  topcoat. 
Good  bond  performance  and  durability  brought  about 
by  the  use  of  PAA  or  PIA  is  associated  not  only  with 
the  chemical  crosslmklng  functions  connecting  the  hy¬ 
drated  oxide  aluminum  with  ihe  PU  adhesive  but  also 
with  the  optimum  thickness  of  the  intermediate  pnmer 
layers.  The  latter  means  that  the  P.AA/PIA  tllm  snould 
have  only  enough  funcdonal  groups  to  occupy  ail  avail¬ 
able  hydroxyl  and  isocyanate  groups  at  the  adherend 
and  adhesive  interface  sites.  In  fact,  the  presence  of  a 
near  monolayer  of  PAA  or  PIA  film,  produced  using  a 
0.05%  concentration  In  an  aqueous  medium,  plays  a  key 
role  in  achieving  excellent  bond  durabthty  In  hot  alka¬ 
line  soludons.  The  crossiinking  structure  of  the  poly- 
acid  primer  in  the  interfaciai  regions  contributes  signifi¬ 
cantly  to  the  formadon  of  a  stable  mtenacial  bond 
which  is  resistant  to  moisnire  because  of  cransibrmauon 
of  hydrophilic  COOH  to  hydrophobic  reaction  prod¬ 
ucts  at  the  interfaces.  The  near  monolayer  applicadon 
of  the  polyacid  primer  is  crincai.  The  presence  of  the 
addidonai  COOH  groups  associated  wi^  thicker  PAA 
and  PIA  layers  contnbutes  to  gel-induced  primer  fail¬ 
ures  beneath  the  PU  topcoat. 

EXAMPLE  I 

Materials  and  Methods  Employed  In  Expenmentai 
Work 

The  aluminum  substrate  used  in  the  e.\perimenis  was 
a  clad  aluminum  Sheet  (denoted  2024-T3)  contaming  the 
following  cbemicai  consdtuents:  92  wt  %  Al.  0.5  wt  % 
Si.  0.5  wt  %  Fe,  4.5  wt  %  Cu,  0.5  wt  %  Mn.  1.5  wt  % 
Mg,  0.1  wt  %  Cr.  0.25  wt  %  Zn,  and  0. 15  wt  %  other. 
Commercially  available  PAA.  0.05  to  5.0%  solution  in 
water,  having  an  average  molecular  weight  (M.W.)  of 
104,000,  was  employed  as  a  primer  coating  to  promote 
adhesive  bonding.  Polyurethane  (PU)  resin  was  applied 
as  an  elastomeric  topcoadng.  Polymerization  of  the  PU 
was  initiated  by  incorporating  a  50%  aromatic  amine 
curing  agent. 

The  oxide  etching  of  the  aluminum  was  prepared  in 
accordance  with  a  well-known  commercial  sequence 
called  the  Forest  Products  Laboratory  (FPL)  process. 
As  the  first  step  in  the  preparation,  the  sun'aces  were 
wiped  with  acetone-soaked  tissues  to  remove  any  or- 
gamc  coniammacton.  They  were  then  immersed  in 
chromic-sulfuric  acid  (NaiCr2CTT-2H'jO:  H^SOa;  Wa- 
:er=4:23;73  by  weight)  for  10  min  at  30'  C.  After  etch¬ 
ing,  the  fresh  oxide  surfaces  were  washed  with  deion¬ 
ized  water  at  30*  C.  for  5  mm.  and  subsequenily  dned 
for  about  15  min  at  50*  C.  After  drying,  the  suri'aces 
were  aged  in  the  air  at  about  30%  relative  humidiev  for 
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T  days.  Ail  the  etched  substrates  were  stored  in  a  desk:* 
cator  to  avoid  adsorpnon  of  addidonai  water. 

Thin  P.\A  primer  films  were  applied  to  the  treated 
aiummuin  surfaces  by  mmiersmg  them  in  the  PAA  solu- 
aons  for  about  5  min  at  room  temperature.  After  immer-  5 
Sion,  the  substrates  were  left  in  an  oven  at  ISO*  C.  for 
about  I  hr.  to  solidify  the  F.AA  macromolecuies. 

Commercial-grade  polyurethane  (M3 13  resin.  Lord 
Corporation)  was  applied  as  an  eiastomeric  topcoadng. 
The  polymerizadon  of  silica-filled  PU  composite  was  jg 
iniiisted  by  incorporating  a  S0%  aromatic  amine  curing 
agent  VCOl.  The  initiated  topcoat  system  was  then 
cured  in  the  oven  at  a  temperature  of  80*  C. 


EXAMPLE  2 

Preparanon  and  Testing  of  Materials 

PU  polymer  was  overlaid  onto  PAA-  or  PIA-coaied 
aiummom  substrates,  and  then  the  PU-coated  specimens 
were  subjected  to  a  0.1M  NaOH  solution  at  80*  C.  for  S 
hr.  All  of  the  edges  on  the  PU-coated  plate  specimens 
used  in  the  tests  to  esdmaie  the  bond  durability  of  the 
PU/PAA  or  PIA-10  tnin-etched  aluminum  adhesive 
joinis  were  unprotected.  The  adhesion  durability  at  the 
Interi'ace  was  evaluated  on  the  basis  of  180'  peel 
strength  tests  performed  at  room  temperature.  For  a 
comparison  with  the  adherend  properties  of  PAA-  or 
PIA-ovcrlaid  substrate  surfaces,  two  other  substrate 
surfaces,  non-etched  plain  aluminum  and  etched  alumi¬ 
num  without  a  P.AA  or  PIA  coatiag,  were  also  exam- 
bed.  The  ped  strength  of  the  PU/PAA  or  PIA/etched 
aiummuin  jomts  before  and  after  exposure  to  the  NsQH 
solndon  were  determined  as  a  function  of  PAA  and  PIA 
film  thicicness  and  concentration  applied  on  the  etched 
surfaces.  These  tesoits  are  shown  b  Table  1.  For  the 
unexposed  specimens,  a  considerabie  mcrease  m  peel 
strength  was  noted  as  the  amount  of  PAA  and  PIA 
deposited  was  increased  from  0.03%  to  0.3%.  The 
strength  of  0.03%  PAA-  and  PIA-contairung  films  was 
about  70%  of  the  maxtimini  strength.  After  exposure 
0.03%  has  been  found  to  be  the  optimum  concentration 
for  development  of  peel  strength  as  is  shown  b  Table  I. 

In  oonemst,  the  btrbstc  adhesion  mechanism  ob¬ 
served  at  PU-to-«tched  substrate  jobis  is  more  Likely 
cncchacical  bterlockmg  which  relates  directly  to  the 
surface  roughness.  This  was  thought  to  occur  when  PU 
ream  set  in  the  crater-like  pin  on  the  etched  surface 
which  gave  a  mechanical  key.  However,  the  physical 
bterlociuDg  formation  appears  to  yield  a  much  stronger 
bond  than  that  produced  with  an  unetched  smooth 
substrate  surface. 

T.\BLE  1 _ _ 

Vinniion*  m  ISO*  (’eel  Screagili  w  PU-PAA  or  PlA-Al  Joiais 

Before  MMi  After  Exposure  to  Hoi  NeOH  Soiunoa  a  a  Fuocixia 
_ of  Primer's  TTiicImew  ana  CoBcenirmoon 


25 


20 


25 


30 


35 


•10 


43 


50 


CoBccofnooti 


Wowri 


Rim 

Thickaeae 

etm 


Peek  SirenfUu 

Icg/cm 


Before 

Exposure 


.‘Mies* 

Exposure 


noQ-^tCl^ 

\i 

0 

0 

0.95 

• 

etched  Ai 

0 

0 

2,24 

» 

PIA 

0.03 

1.0 

3.35 

t.io 

PIA 

0.10 

3.5 

a.2l 

6.23 

PIA 

0.30 

20.0 

a.oo 

2.10 

PlA 

LOO 

110.0 

7.90 

0.J9 

PAA 

0.03 

!.i 

6.10 

L38 

P.AA 

0.10 

3.0 

7.U 

2.37 

PAA 

0.30 

27.0 

120 

0.63 

PAA 

roo 

130.0 

8.26 

0.42 

55 


60 


65 
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example  3 

Peel  Strength 

Peel  strength  measurements  were  performed  on  spec¬ 
imens  after  e.xposure  to  hot  alkalme  soludons.  As  seen  tn 
FIG.  2.  although  all  specimens  exhibit  strength  rcduc- 
don.  the  rate  of  reduedon  depends  upon  the  PAA  con- 
centratioa  and.  therefore,  the  tbekness  of  the  primer. 
The  lowest  reduction  b  strength  was  obtamed  for  spec- 
imens  containmg  a  0.03%  PAA  primer  layer  wbch  can 
be  described  as  the  formation  of  a  near  monolayer.  The 
strength  of  the  0.1%  PAA  film  wbch  has  a  tbekness  of 
about  4,3  mn  drops  to  about  33%  of  its  originai  value. 
At  bgher  concentranons,  the  rate  of  reduction  in¬ 
creases  significantly,  rangmg  from  88%  for  about  S-nm- 
tbek  film  to  for  about  dO-nm-tbek  film. 

Films  of  near  monolayer  tbekness  were  less  suscepn- 
ble  to  Che  hot  alkali  because  of  the  existence  of  few 
hydrolytically  sensinve  free  COOH  groups  m  the 
primer  layers.  In  this  case,  most  of  the  funcuonai 
COOH  groups  b  a  monolayer  of  PAA  at  the  mtert'ace 
between  the  aiummum  substrate  and  the  PU  topcoating 
can  react  chemically  with  the  available  polair  groups 
such  as  hydroxyl  and  isocyanate  wbch  are  present  on 
both  Che  adherend  and  adhesive  surface  sites.  Thus,  for 
the  beat  alkaline  resistance,  the  P.AA  primers  shomd 
have  oby  enough  funcuonai  groups  to  occupy  all  avail¬ 
able  surbee  polar  sites.  A  small  propordon  of  fimerionai 
groups  m  the  primer  is  optimum.  Sbee  the  nature  of  the 
reaction  product  formed  b  the  bterfamai  regions  is 
biponant  b  acbevmg  good  bond  durability,  it  should 
be  noted  that  the  chemicai  bteractions  at  the  PU-PAA- 
aiummum  bteriacisl  boundaries  form  new  reaction 
compounds  with  hydrophobic  characteristics  less  sus¬ 
ceptible  to  the  aiifaiitw!  fiuids.  This  hydrophobic  struc¬ 
ture  formed  at  the  bierface  plays  an  important  role  in 
acbevmg  long-term  bond  durability  b  the  chemicaJly 
aggressive  environmenrs. 

I  claim: 

1.  A  formed  polymeric  adhesive/poiyacid/oxidized 
aluminum  adhctcnd  Jobt  system  whereb  the  polyacid 
is  water-soluble  has  a  molecular  weight  >  30,000  and  is 
applied  b  near  monolayer. 

2.  The  jobt  system  accordmg  to  claim  1  whereb  the 
polyacid  is  polyacrylic  acid. 

3.  The  jobi  system  accordbg  to  claim  1  whereb  the 
polyacid  is  poiyitacomc  acid. 

4.  The  jobt  system  accordbg  to  claim  1  whereb  the 
polymeric  adhesive  is  polyurethane. 

5.  A  couplbg  and  crossfinking  primer  coinprisbg  a 
water' solnbie  polyacid  macromoiecule  of  a  molecuiar 
weight  >30,000  near  monolayer  b  depth  used  m  a 
formed  polymeric  adhesive/oxidized  aiummum  adher¬ 
end  jobt  system. 

A  primer  accordmg  to  claim  5  whereb  the  poly* 
acid  is  polyacrylic  acid. 

7.  A  primer  accordbg  to  claim  5  whereb  the  poiy- 
acid  is  poiyitacomc  acid. 

9.  A  primer  accordbg  to  claim  5  whereb  the  poly¬ 
meric  adhesive  is  polyurethane. 

9.  An  xiiunmum/polymer  sandwich  consisdng  of  an 
oxidbed  aluminum  base  next  to  a  water-soluble  poiy- 
acid  primer  of  near  monolayer  tbekness  and  a  top  poly¬ 
mer  layer. 

10.  A  sandwich  accordbg  to  claim  9  wherein  the 
poiyacid  primer  is  polyacrylic  acid, 

11.  A  sandwich  accordbg  to  claim  9  whereb  the 
polyacid  primer  is  poiyitacomc  acid. 

L2.  A  sandwich  accordbg  to  claim  9  whereb  the 
polymer  is  polyurethane. 
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[57]  ABSTRACT 

Solutions  and  preparation  methods  necessary  for  the 
fabrication  of  metal  oxide  cross-linked  polysiloxane 
coating  films  are  disclosed.  The  films  arc  useful  in  pro¬ 
vide  heat  resistance  against  oxidation,  wear  resistance, 
thermal  insulation,  and  corrosion  resistance  of  sub¬ 
strates.  The  sol-gel  precursor  solution  comprises  a  mix¬ 
ture  of  a  monomeric  organoalkoxysilanc.  a  metai  alkox- 
ide  M(OR)n  (wherein  M  is  Ti,  Zr,  Ge  or  Al;  R  is  CH], 
CjHs  or  C3H7;  and  n  is  3  or  4),  methanol,  water.  HCl 
and  NaOH.  The  invention  provides  a  sol-gel  solution, 
and  a  method  of  use  thereof,  which  can  be  applied  and 
processed  at  low  temperatures  (i.e..  <  1000'  C.).  The 
substrate  can  be  coated  by  immersing  it  in  the  above 
mentioned  solution  at  ambient  temperature.  The  sub¬ 
strate  IS  then  withdrawn  from  the  solution.  Ne.xt.  the 
coaled  substrate  is  heated  for  a  time  sufficient  and  at  a 
temperature  sufTicient  to  yield  a  solid  coating.  The 
coated  substrate  is  then  heated  for  a  time  sufficient,  and 
temperature  sufficient  to  produce  a  poiymctallicsilox- 
ane  coating. 

27  Oaims,  7  Drawing  Sheets 
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SOLID-GEL  PRECURSOR  SOLUTIONS  AND 
METHODS  FOR  THE  FABRICATION  OF 

poly.metallicsiloxane  coating  films 

5 

This  invention  was  made  with  Government  support 
under  contract  number  DE- AC02-76CH0OO16,  be¬ 
tween  the  U.S.  Depanment  of  Energy  and  Associated 
Universities.  Inc.  The  Government  has  certain  rights  in 
the  tnvemion.  10 

BACKGROUND  OF  THE  INVENTION 

The  present  invention  includes  solutions  and  the 
preparation  methods  necessary  for  the  fabneatton  of 
metal  oxide  cross-linked  polystloxane  coating  films  li 
which  are  useful  in  providing  heat  resistance  against 
oxjdatton,  wear  resistance,  thermal  insulation,  and  cor¬ 
rosion  resistance  of  substrates. 

In  the  past,  ceramic  coatings  on  metallic  and  plastic 
substrates  have  not  been  widely  used  pnmarily  because  20 
many  ceramic  coatings  can  be  applied  and  processed 
only  at  high  temperatures  (i.c..  only  at  temperatures 
above  1000"  C.)  using  expensive  and  time-consummg 
methods  such  as  chemical  vapor  deposition.  Therefore, 
aluminum  alloys,  plastics  and  other  materials  with  low  2S 
melting  points  were  not  easily  protected. 

U.S.  Pat.  No.  4.584.280  to  Nanao  discloses  a  process 
for  preparing  a  porous  ceramic  film  by  applying  an 
anhydrous  solution  containing  an  organomet^lic  com¬ 
pound  and  a  multifunctional  organic  compound  to  a  30 
substrate  and  thermally  decomposing  the  substrate.  The 
organomeiallic  compound  may  be  titanium  alkoxide. 
Examples  of  the  muliifunciional  organic  compound 
include  such  organic  compounds  as  giycenne.  1,4- 
butenediol.  pentaeryihricol.  dextrin,  arginic  acid,  3? 
methyl  cellulose,  ethyl  cellulose,  hydroxyethyl  cellu¬ 
lose.  carfaoxymeihyl  cellulose,  carboxymeihyl  starch, 
hydroxycihyl  starch,  polyvinylalcohol.  and  mixtures 
(hereof  The  thermal  decomposition  ts  conducted  at  a 
temperature  of  not  less  than  200"  C.  and  then,  if  neces-  -lO 
sary,  the  coated  substrate  is  baked.  Nanao  does  not 
leach  the  formation  of  a  polymetallicsiloxane  film  at 
low  temperatures  as  does  the  present  invention. 

U.S.  Pat.  Nos.  4.455,414  and  4.347.  347.  to  Yajima,  et 
al.  disclose  an  organic  copolymer  composed  of  a  poly-  45 
carbostlane  ponton  and  a  polymetallicsiloxane  portion 
cross-linked  with  each  other  and  the  process  of  making 
it.  Neither  patent  teaches  the  formation  of  a  polymetai- 
licsiloxane  film  at  low  temperature  as  does  the  present 
invention.  JO 

U.S.  Pat.  No.  4,028,085  to  Thomas  discloses  the  com¬ 
bination  of  a  hydrolyzable  metal  alkoxide  with  a  par¬ 
tially  hydrolyzed  silicon  (ctraalkoxide  to  form  a  mctal- 
licsiloxane  solution.  Thomas  does  not  (each  the  applica¬ 
tion  of  the  solution  to  a  substrate  nor  does  tt  teach  the  5J 
heating  of  the  solution  to  create  a  ceramic-type  poiyme- 
lallicsiloxanc  coating. 

It  ts.  therefore,  an  object  of  the  present  invention  to 
provide  a  polymetallicsiloxane  sol-gcl  precursor  solu¬ 
tion  which  can  be  used  in  the  preparation  of  metal  oxide  60 
cross-linked  polystloxane  coating  films  which  are  useful 
in  providing  heal  resistance  against  oxidation,  wear 
resistance,  thermal  insulation,  and  corrosion  resistance 
of  substrates. 

It  is  an  object  of  the  invention  to  provide  a  sol- gel  65 
soluiion.  and  a  method  of  use  thereof,  which  can  be 
applied  and  processed  ai  low  temperatures  (i.c.,  at  tem¬ 
peratures  of  less  than  1(XX)“  C.). 
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A  further  object  of  the  invention  is  to  provide  a 
polymetallicsiloxane  sol-gel  precursor  solution  which 
will  adhere  well  and  have  an  appropriate  expansion 
coefficient,  especially  during  temperature  cycling,  so 
that  Separation  of  the  coaling  film  from  the  substrate 
will  not  occur. 

BRIEF  DESCRIPTION  OF  THE  INVENTION 

This  invention  relates  lo  ihe  formulation  of  soi-gel 
precursor  solutions  and  the  preparation  methods  neces¬ 
sary  for  the  fabrication  of  the  metal  oxide  cross-linked 
polysiloxanc  coating  films.  The  metal  oxide  cross-linked 
polystloxane  coating  film  enhances  heat  resistance 
against  oxidation,  wear  resisunce.  thermal  insulation 
and  corrosion  resistance  of  substrates  such  as  aluminum, 
steel,  magnesium,  and  timnium.  The  sol-gel  precursor 
solution  includes  a  mixture  of  a  monomeric  organoalk- 
oxysilane.  a  metal  alkoxide  M(OR)n  (wherein  M  is  a 
transition  metal;  R  is  CHi,  C2H5  or  CiHt;  and  n  is  3  or 
4),  alcohol,  water  and  a  chlonne  containing  acid.  Suit¬ 
ably  M  can  include  Ti.  Zr,  Gc  and  Ai.  Preferably  the 
alcohol  is  methanol,  ethanol  or  propanol.  The  invention 
provides  a  sol-gel  solution,  which  can  be  applied  and 
processed  at  low  temperatures  (i  e..  <  1000*  C.).  Prefer¬ 
ably,  NaOH  is  used  to  adjust  the  pH  of  the  solution  to 
about  7.5. 

Preferably,  the  monomeric  organoalkoxysilane  is 
selected  from  the  group  consisting  of  N[3-(tricthoxysi- 
lyl)  propyljimidazoic  (TSPI)  and  N[3  triethoxysiiyl)- 
propyl]-4,5-^ihydroimidazole  (TSPDI).  In  a  preferred 
embodiment  the  amount  of  HCi  is  sulliciem  to  provide 
a  clear  solution  and  acts  as  a  hydrolysis  accelerator.  In 
another  preferred  embodiment  (he  ratio  of  imidazole 
containing  monomeric  organoalkoxysilane  to  metal 
alkoxide  is  in  the  range  of  about  80/20  to  about  50/50  by 
weight  (i.e.,  the  Solution  comprises  18-35  wt  %  TSPI  or 
TSPDI.  9-18  wt  %  'n(OC2H5)4,  21-26  wt  9^ methanol, 
13-29  wt  %  HCI  and  14-17  wi  %  water).  The  sol-gel 
solution  is  miscible  with  water  and  the  thickness  of  the 
coating  films  can  be  adjusted  by  adding  an  appropriate 
amount  of  water  to  the  solution. 

The  substrate  can  be  coated  by  immersing  it  in  the 
above  mentioned  solution  at  ambient  lemperaiure.  The 
substrate  is  then  withdrawn  from  the  solution.  Next,  the 
coated  substrate  is  heated  for  a  time  sufficient  and  at  a 
temperature  sufficient  to  yield  a  solid  coating.  The 
coated  substrate  is  then  heated  for  a  time  sufficient,  and 
at  a  temperature  sufficient,  to  produce  a  polymetallic¬ 
siloxane  coating. 

To  date,  ceramic  coatings  on  metallic  and  plastic 
substrates  have  not  been  widely  employed  for  several 
reasons.  First,  coatings  must  adhere  well  and  have  an 
appropriate  expansion  coefficient.  This  is  especially  true 
during  temperature  cycling,  otherwise,  separation  of 
the  coating  film  from  the  substrate  will  occur.  Second, 
many  ceramic  coatings  can  be  applied  and  processed  as 
coatings  only  at  high  temperaiures  (i.e..  >1000"  C.) 
using  expensive  and  time-consuming  methods  such  as 
chemical  vapor  deposition.  Therefore,  the  insiani  soi- 
gel  solution,  and  the  preparation  methods  for  (he  formu¬ 
lation  of  metal  oxide  cross-linked  polystloxane  coalings 
films,  are  advantageous  in  that  they  permit  the  applica¬ 
tion  of  an  effective  polymetallicsiloxane  coating  at  a 
temperature  which  more  easily  pcrmiis  the  use  of  alumi¬ 
num  alloys  and  other  low  meliing  point  matenals. 

For  a  better  understanding  of  the  invention,  together 
with  other  and  further  objects,  reference  is  made  to  the 
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foliowing  description,  and  its  scope  will  be  pointed  out 
in  the  appended  claims. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  illustrates  the  JR  absorption  spectra  for  pow-  5 
der  samples  of  various  GPS/TiCOCjHjJi  ratios  heat 
treated  at  300*  C. 

RG.  2  details  the  JR  absorption  spectra  for  powder 
sampJes  of  various  GPS/Ti(OC2Hs)4  ratios  heated  at 
400*  C 

RG.  3  details  the  IR  absorption  spectra  for  powder 
samples  of  various  GPS/Ti(OC2H5)4  ratios  healed  at 
500*  C 

RGS.  4(o)  and  4(6)  illustrate  surface  morphologies  ,5 
for  GPS/Ti(OC2H})4  coatings  treated  at  300*  .  The 
micrographs  correspond  to  the  following 
GPS/Ti(OC2H5)4  ratios:  RG.  4(«>— 100/0  and  FIG. 
4(6)— 60/40. 

RG,  S  graphically  illustrates  the  variation  in  corro-  20 
sion  current  (l«>rr)  for  aluminum  substrates  coated  with 
various  GPS/Ti(OC2H5)4  ratio  systems  as  a  function  of 
the  film-treatment  temperature. 

FIG.  6  iliustraies  the  changes  in  IR  absorbance  corre¬ 
sponding  to  the  Si — O — Ti  bond  at  approximately  930  25 
cm“*  for  Ti  compound-incorporated  organosilanes 
preheated  at  temperatures  within  the  range  of  200*  to 
500*  C 

FIGS.  7(a)  and  7(6)  detail  SEM  images  for  TSPI  7(a) 
and  APS  7(6)  coating  films  heated  at  200*  C. 

FIGS.  8(c)  and  8(6)  detail  the  surface  morpbologis 
for  TSPDI  8(a)  and  APS  8(6)  system  coatings  heat 
treated  at  303*  C. 

FIG.  9  illustrates  the  SEM  micrograph  for  the 
TSPDI  coating  system  heat  treated  at  300*  C.  The  (a)  in 
the  comer  of  the  figure  was  the  code  used  In  preparing 
the  SEM  micrographs  to  identify  the  TSPDI  system. 

RG  10  illustrates  the  IR  spectra  for  350*  C- 
annealed  TSPDI/MfOCjH?)}  or  4  for  the  (a)  1(X)%  40 
TSPDI.  (b)  TSPDI/Zr(OCiH7)4  (50:50  ratio)  and  (c) 
TSPDl/Ti(OCjH7)4  (50:50  ratio)  systems. 

FIG.  11  illustrates  the  polyrircanicsiloxane  (PZS) 
film  derived  from  the  70/30  TSPDI/Zr(OC)H7)4  sol- 
gel  solution.  45 

FIGS.  12(a)  and  12(6)  illustrate  surface  features  of 
pyrolysis-induced  PTS  coating  films:  RG.  12(a)  illus¬ 
trates  a  70/30  TSPI/Ti(OC3H7)4  ratio  system  and  FIG. 
12(6)  illustrates  a  50/50  TSPI/Ti(OCiH7)*  ratio  system. 
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DETAILED  DESCRIPTION  OF  THE 
INVENTION 

The  sol-gel  precursor  solution  of  the  present  inven¬ 
tion  includes  a  mixture  of  a  monomenc  organoalkoxysi- 
lane,  a  metal  alkoxide  M(OR)n  (wherein  M  is  a  suitable 
transition  metal);  R  is  CHj,  C2H5  or  C3H7;  and  n  is  3  or 
4),  alcohol  (such  as  methanol,  ethanol  or  propanol), 
water,  and  a  chlorine  containing  acid  (such  as  HCl). 
Suitably,  M  may  be  Ti,  Zr.  Ge  or  Al.  Preferably,  the  pH  ^ 
of  the  solution  is  adjusted  to  about  7.5  (for  reasons  of 
handling  safety)  by  (he  addition  of  NaOH.  Among  the 
monomenc  organoalkoxysilanes  which  can  be  used 
with  the  present  invention  are  those  listed  in  Table  1.  In 
a  preferred  embodiment,  the  monomeric  organoalkox-  65 
ysiiane  contains  an  imidazole  group,  for  example,  N(3- 
(tnethoxysilyl)  propyll^,5  imidazole  (TSPI)  and  N[3- 
(nethoxysiJyl)propyl!-4.5-clihydroimidaroJe  (TSPDI). 


_ TABLE  1 _ 

OrginoMlane/Chemicai  Formula 
,}<glyci(5oxy|>ropylttimothoiysiUiic  (GPSt 

CH - CH— O— fCH-)!— SifOCHT)^ 

\  / 

O 

3'ftminopropyhnnictboiiysiUfle  (APS) 

H2N*— (CH2)3— Si(OCH3/j 

N-{3-<tn«hO»yiilyl)propylJiinicUxole  (TSPI) 


N— (CH2)3— 

N-/ 


SKOCjHsJj 


N-(3^lrHnl»6iy*lyl)prof»yl)-4.5'ditey4fDiinid«toic  (TSPDI) 


c- 

N 


(CH2)3-Si(OC2H5)3 


The  film-forming  precursor  solution  can  be  prepared 
by  incorporating  an  organoalkoxysilane/metal  alkoxide 
(M(OR)n  wherein  M  is  a  suitable  transition  metal  such 
as  Ti.  Zr,  Ge  or  Al;  R  is  CHj,  C2H.sor  C.iHr;  and  n  is  3 
or  4)  into  an  aJcohol/water  mixing  medium  containing 
an  appropriate  amount  of  an  acid  containing  chJonne. 
Suitably,  the  alcohol  may  be  methanol,  etJianol  or  pro¬ 
panol  ^eferably,  the  acid  is  HCl.  The  acid  acts  as  a 
hydrolysis  accelerator  and  produces  a  clear  precursor 
solution.  The  addition  of  the  acid  aids  in  the  formation 
of  a  uniform  coating  film  on  the  metal  substrate.  When 
the  precursor  solution  is  used  as  a  coating  matenal  for  a 
metal  substrate,  the  pH  of  the  solution  is  preferably 
adjusted  to  approximately  7.5  by  the  addition  of  an 
appropriate  amount  of  a  suitable  base  such  as,  for  exam¬ 
ple.  KOH  Of  NaOH.  Prior  to  addition  of  the  base,  the 
solution  will  be  very  acidic  (i.e..  it  will  have  a  pH  of 
from  about  1.0  to  about  3.5).  The  base  makes  the  solu¬ 
tion  safer  to  handle. 

The  aluminum  substrate  used  in  (he  followtng  exam¬ 
ples  was  2024-T3  clad  aluminum  sheet  containing  the 
following  chemical  constituents:  92  wt,  %  Al.  0.5  wt.  % 
Si,  0.5  wt.  %  Fe.  4.5  wt.  %  Cu,  0.5  wt.  %  Mn,  1.5  wt. 
%  Mg,  0.1  wt.  %  Cr,  0.25  wt.  %  Zn  and  0.15  wt.  % 
other  elements. 

The  oxide  etching  of  the  aluminum  was  carried  out  in 
accordance  with  a  well  known  commercial  sequence 
called  the  Forest  Products  Laboratory  (FPL)  process. 
As  the  first  step  in  the  preparation,  the  surfaces  were 
cleansed  with  acetone  to  remove  any  organic  contami¬ 
nation.  They  were  then  immersed  in  chromic-suifunc 
acid  (Na7Cf207'2H20:H2S04:Waicr=4;23;73  by 
weight)  for  10  min  at  80*  C.  After  etching,  the  fresh 
oxide  surfaces  were  washed  with  deionized  water  at  30* 
C.  for  5  min.  and  subsequently  dried  for  15  min  at  50*  C. 

The  substrate  can  be  coated  by  immersing  it  in  the 
above  mentioned  solution  at  ambient  temperature.  The 
substrate  is  then  withdrawn  from  the  solution.  Next,  the 
coated  substrate  is  heated  for  a  time  sulTicient  and  at  a 
temperature  sufficient  to  yield  a  solid  coating.  The 
coated  substrate  is  then  heated  for  a  time  sufficient,  and 
at  a  temperaiurc  sufficient.  10  produce  a  polymetallic- 
siloxane  coating. 

A  thinner  polymetaJlicsiJoxane  coaling  may  be  ob¬ 
tained  by  diluting  the  sol-gel  precursor  solution  with 
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Ti(OC;H5)4-Modified  GPS  System 


Coating  of  the  aiumjnum  surfaces  using  the  sol-gel 
system  was  performed  in  accordance  with  the  following 
sequence.  First,  the  FPL-etched  aluminum  substrate  5 
was  immersed  in  the  precursor  solution  at  ambient  tem¬ 
perature.  The  substrate  was  then  withdrawn  slowly 
from  the  soaking  bath,  after  which  the  substrate  was 
heated  for  20  hrs.  at  a  temperature  of  100’  C.  to  yield  a 
solid  coating.  The  samples  were  subsequently  heated  10 
for  20  min.  at  temperatures  ranging  from  200*  to  500*  C. 

The  mix  compositions  for  the  GPS/TifOCjHsla 
based  precursor  soluiion  systems  are  given  in  Table  2. 
For  each  formulation,  the  GPS  to  TifOCjHs)^  ratio  was 
varied  so  that  the  concentration  of  HCl  needed  to  pro-  15 
duce  a  clear  precursor  solution  was  dependent  mainly 
on  the  GPS/TifOCjHsla  ratio.  As  the  proportion  of 
TifOCjHjla increased,  the  required  amount  of  HCi  was 
increased  to  form  Ti  compounds  which  were  suscepti¬ 
ble  to  hydrolysis.  The  HCl-catalyzed  hydrolysis  of  Ti-  20 
(OCiHj)*  is  as  follows; 


=  Ti— OCjHj  -  H-  -  Cl - >  =  Ti— Cl  *  CjHnOH 


0 

I 

—  O— Ti— O— CH— CH 
I  I 

O  OH 

I 

a., 

HO— CH 

I  > 

-Si— O— Si— O 

I  1 


1 

o 

1 

-Si- 

I 

o 

I 

-s.- 

I 

o 

I 


300'  C 
-xCHiCHO 
-  V  CHOH. 


Ti  incomonieU 
organopolyiiUiie  neiwork. 


O 

I 


O 


—  O— Ti— O— Si— 

I  1 

o  o 

I  I  1 

—  Si— □— Si—  —  Si  — 

I  I 

o  o 

I  1 


=  Ti— Cl  -  H:0 - ^STi— OH  -  HCl 
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Po(yme(»irtc&itoune 


The  conversion  of  the  Ti  incorporaied  organopoiysi. 


TABLE  2 


Cnmpoutions  of  clear  precunor  ioluiioni 
fof  vanows^P$^TVQC?H*>j^ratio^ 


GPS/Ti<OCiH.04 
(wt.  raiioi 

OPS 

(Wl. 

TiiOCiHiU 

<wi. 

CHiOH 

<wi 

W»IM 

iwt.  rt-l 

Ha  (wi,  V 
IGPS  -  TitOC-HOj 

100/0 

50 

0 

30 

20 

10 

iO/20 

40 

10 

.-•0 

20 

to 

00/40 

30 

20 

.X) 

20 

20 

40yt€ 

20 

30 

30 

» 

30 

40 


The  hydroxylated  titania  derived  from  the  hydrolysis 
of  TifOCiHs)*  appears  to  react  preferentially  with  the 
C-CI  groups,  rather  than  the  silanot  groups  <Si-OH).  jg 
The  silanol  groups  are  formed  by  hydrolysis  of  the 
methoxysilane  groups  in  GPS.  A  possible  condensation 
reaction  occurring  between  the  C-Cl  in  the  polymeric 
organosilancs  and  the  hydroxy  groups  in  the  hydrated 
Ti  compounds  is  shown  below; 


-Ti— OH  .r  Cl— CH^— CH—  .=J— 

I  I 

OH 


60 


=  Ti— O— CH;— CH—  +  HCl 


OH 


Upon  heating  to  300*  C..  a  large  number  of  carbon  65 
containing  groups  such  as  CH:0  and  CHjCHO  are 
eliminated  from  the  Ti  incorporated  organopolysilane 
networks.  This  can  be  seen  in  the  following  equation; 


lane  networks  into  the  polymetallicsiloxane  network 
structure  occurs  at  about  300*  C, 

At  temperatures  of  about  300*  and  above;  pyrolytic 
changes  in  conformation  appear  to  occur.  The  pyrolytic 
changes  result  in  the  elimination  of  numerous  organic 
groups  from  the  Ti-incorpo rated  organopolysilane  net¬ 
work  structures.  Once  the  transition  is  completed,  the 
Ti  elements  located  in  the  networks  act  as  a  crosslinking 
agent  which  connect  directly  between  the  polysiloxane 
chains.  The  extent  of  Ti  crosslinktng  depends  mainly  on 
the  GPS/TifOCjHjla  ratio.  Samples  for  IR  analysis 
were  prepared  by  incorporating  the  powdered  samples 
into  KBr  pellets.  The  presence  of  Si—O — Ti  linkages  m 
the  PTS  is  indicated  by  an  IR  absorption  peak  at  ap¬ 
proximately  930  cra“'.  The  absorption  intensity  around 
930  cm-'  becomes  weaker  as  the  proportion  of  Ti- 
(OCiHslais  increased.  This  is  illustrated  in  FIG.  1.  The 
presence  of  the  bonds  at  930  cm~  *  illustrates  the  forma¬ 
tion  of  a  polytitanosiloxane  film  at  a  low  temperature 
(i.e..  less  than  lOOO*  C). 

When  the  heat  treatment  temperature  was  increased 
to  400"  C,  the  peak  in  the  2900  cm  -  '  region  of  the  IR 
spectra  for  all  of  the  GPS  samples  disappeared.  This  is 
shown  in  FIG.  2  and  suggests  that  all  the  residual  or¬ 
ganic  compounds  were  nearly  removed  from  ihe  PTS 
networks.  The  spectral  features  for  the  400”  C. -treated 
samples  were  similar  to  those  for  the  300’  C. -treated 
ones  with  the  exception  of  ihc  disappearance  of  the 
2900  cm—'  scale  from  400’  C.  treated  sample.  Compar¬ 
ing  the  results  at  500*  C.  (sec  FIG.  3).  with  those  at  400" 
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C.  (FIG.  2).  no  specific  changes  or  shifts  in  the  absorp¬ 
tion  bands  for  any  samples  can  be  seen. 

When  I  he  film  treatment  temperature  was  raised  to 
300‘  C.,  samples  containing  a  GPS/Ti(OC2H5)4ratio  of 
1C)0/0  experienced  severe  damage.  This  is  shown  in  5 
FIG.  4c.  The  failure  appears  to  be  due  to  pyrolytic 
changes  in  conformation  of  the  polymericorganosilane. 
These  pyrolytic  changes  result  from  the  elimination  of 
organic  species  from  the  network  structure  and  result  in 
excessive  shrinkage  of  the  film.  The  SEM  (scanning  10 
electron  microscope)  microstructure  view  of  the  60/40 
ratio  film  (FIG.  4b)  disclosed  a  much  lower  magnitude 
in  shrinkage  and/or  stress  cracks.  This  strongly  sug¬ 
gests  that  the  cross-linking  ability  of  the  Ti  compounds, 
which  connect  directly  between  the  polysilane  chains,  IS 
acts  significantly  lo  suppress  the  development  of  stress 
cracks.  It  is  theorized  that  the  network  structure  of  the 
PTS  polymers,  formed  by  pyrolytically  induced  confor¬ 
mational  changes  in  Ti  compound  modified  organosi- 
lane  polymers,  contnbutes  to  the  maintenance  of  film  20 
shape  at  high  temperatures.  The  amount  of  cracking  can 
be  reduced  by  diluting  the  sol  gel  precursor  solution 
with  water.  The  dilution  of  the  sol  gel  precursor  solu¬ 
tion  results  in  the  formation  of  a  thinner  polymetallic, 
siloxane  coating.  2S 

Corrosion  protection  data  for  the  above-coaied  sub¬ 
strates  were  obtained  from  the  polarization  curves  for 
PMS  coated  FPL  etched  aluminum  samples  upon  expo¬ 
sure  to  an  aerated  0.3M  sodium  chloride  solution  at  25’ 

C.  The  typical  cathodic-anodic  polarization  curves  of  30 
log  current  density  vs.  potential  for  the  coated  samples 
were  similar  to  those  reported  by  several  investigators 
for  other  materials  (G.  A.  Dibari  and  H.  J.  Read.  Corro^ 
sion,  27  (1971)  483:  Z.  A.  Foroulis  and  M.  J.  Thubriker, 
Eleesrochim.  Acta.  21  (1976)  225;  and  A.  V.  Pocius,  in  K.  3J 
L.  Mittal  (ed.).  Adhesion  Aspects  of  Polymeric  Coatings. 
Plenum  Press,  New  York.  1983,  pp.  173-192). 

The  corrosion  protective  performance  of  the  coatings 
was  evaluated  by  an  electrochemical  procedure  involv¬ 
ing  measurement  of  the  corrosion  curreni,  by  ex-  40 
irapolation  of  the  cathodic  Tafel  slope.  The  variation  in 
the  Icen- value  was  plotted  as  a  function  of  the  treatmeni 
lempcrature.  These  results  are  depicted  in  FIG.  5.  As 
seen  in  FIG.  5.  the  protective  ability  of  the  coalings 
depends  primarily  on  the  GPS/TifOCiHs)*  ratio  and  45 
the  treatment  temperature.  A  low  value  indteates 
good  corrosion  protection. 

The  loopr-temperature  relations  for  the  80/20  and 
60/40  ratio  coatings  indicate  that  although  microcracks 
form  on  the  film  surface  at  temperatures  S300‘  C,  the  30 
Icwr  values  aAer  treatment  at  400*  C.  are  almost  equal  to 
those  for  the  coatings  pretreated  at  100*  C.  This  sug¬ 
gests  that  PTS  coating  films  at  100*  C.  formed  from 
in-situ  conformation  changes  ai  400*  C.  provided  corro¬ 
sion  protection  for  aluminum.  33 

TifOCjHsla  -  Modified  Organosilanes 

Coating  of  the  aluminum  surfaces  using  the  sol-gel 
system  was  performed  in  accordance  with  the  following 
sequence.  First,  the  FPL-eiched  aluminum  substrate  60 
was  immersed  in  the  precursor  solution  at  ambient  tem¬ 
perature.  The  substrate  was  then  withdrawn  slowly  and 
heated  for  20  hr  ai  a  temperature  of  100*  C.  to  yield  a 
solid  coating.  The  samples  were  subsequently  heated 
for  20  min  at  temperatures  ranging  from  2(X)*  to  500*  C.  65 

A  film-forming  precursor  solution  composed  of  30  wt 
%  of  the  particular  organosilanc,  20  wt  %  Ti(OC2H5)4. 

30  wt  %  CHjOH  and  20  wt  %  water  was  employed  to 
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produce  the  PTS  polymers.  The  required  concentra¬ 
tions  of  the  HC!  hydrolysis  promoter  needed  to  prepare 
clear  precursor  solutions  were  dependent  upon  the  spe¬ 
cies  of  organosilane.  and  for  the  TSPDI  system  was 
30%  by  weight  of  total  mass  of  organosilanes  and  Ti- 
(OC2H5)*. 

The  presence  of  Si — O — Ti  linkages  in  the  PTS  can 
be  readily  ideniified  from  the  IR  absorption  peak  at 
approximately  930  cm”  f  The  extent  of  the  densifica- 
lion  of  the  Si — 13 — Ti  linkages  was  estimated  by  com¬ 
paring  the  absorbencies  at  approximately  930  cm~*  for 
the  PTS  samples  derived  from  the  various  organosi- 
lane-Ti(OC2H5)4systems.  As  previously  discussed,  sam¬ 
ples  for  the  IR  analysis  were  prepared  by  incorporating 
the  powdered  samples  into  KBr  pellets.  FIG.  6  summar¬ 
izes  the  resulting  variations  in  absorbance  plotted  as  a 
function  of  treatment  temperature.  The  data  indicates 
thai  the  extent  of  densification  of  Si — O — Ti  bonds  is 
dependent  upon  the  reactive  organic  functional  groups 
attached  to  the  terminal  carbon  of  the  methylene  chains 
within  ihe  monomenc  organosilane  structures. 

An  absorption  peak  at  approximately  930  cm-'  was 
not  detected  for  the  200*  C. -treated  GPS-  and  TSPDl- 
Ti(OC2H5)4  sysiems.  This  indicates  that  a  PTS  contain¬ 
ing  a  highly  densified  Si — O — Ti  bond  was  not  formed 
at  this  temperature.  A  promineni  IR  peak  at  approxi¬ 
mately  930  cm-'  was  observed  for  the  GPS  and 
TSPDI-Ti(OC2H5)4  sysiems  when  the  samples  were 
heated  at  300*  C.  for  20  min.  An  absorption  peak  at 
approximately  930  cm-'  was  observed  for  the  200*  C. 
treated  APS-TKOCtHjIa  system.  This  indicates  that 
PTS.  containing  a  highly  densified  Si — O — Ti  bond, 
was  formed  at  these  temperatures.  This  illustrates  the 
formation  of  a  polymetallicsiloxane  coating  at  a  low 
temperature  (i.e.,  less  than  1000*  C).  Beyond  this  tem¬ 
perature,  the  absorbance  value  increased  slowly,  sug¬ 
gesting  that  the  in-siiu  conversion  of  the  Ti  compound- 
incorporated  organosilane  polymers  inio  PTS  progres¬ 
sively  occurs  at  temperatures  ranging  from  about  200* 
to  about  300*  C. 

FIG.  7  Illustrates  the  SEM  images  obtained  for  coat¬ 
ing  film  surfaces  preheated  ai  200*  C.  Except  for  the 
development  of  few  microcracks,  the  APS  and  TSPDI 
coatings  [FIG.  1(a)  and  (6)j  exhibit  excellent  surfaces. 

The  SEM  micrographs  of  these  coating  systems  after 
being  exposed  to  air  for  20  min  at  300*  C.  are  shown  in 
FIG.  8.  The  APS  and  TSPDI  coatings  (FTG.  8(a)  and 
(b))  showed  no  film  damage  with  the  exception  of  the 
appearance  of  a  clear  crack  line. 

Heat  damage  and  distortion  of  the  aluminum  sub¬ 
strate  was  apparent,  but  after  heating  for  20  min  at  500* 
C.,  the  TSPDI  coating  was  not  damaged  [See  FIG. 
9(a)].  Accordingly,  PTS  coating  films  derived  from  the 
Ti(C)C2H5)4-TSPDI  system  appear  to  have  the  most 
stable  Si—O — Ti  bonds  in  the  PTS  network  structure. 
This  may  be  due  to  moderate  densification  of  the  Si- 
— O— T  bonds  in  the  PTS  network  structure. 

The  corrosion  protective  performance  of  PTS  coal¬ 
ings  derived  from  various  organosilane-Ti(OC2H5)4 
systems  was  determined  by  companng  the  corrosion 
current,  (1™,,)  values  determined  from  the  cathodic 
Tafel  slopes  of  the  vanous  organosilanc-Ti(OC2H5)4 
systems.  The  corrosiMt  tests  in  ihis  study  were  per¬ 
formed  on  PTS  coatings  formed  on  the  FPL -etched 
aluminum  at  3(X)*,  400*,  and  5CX)*  C.  The  resultant 
changes  in  Icom  for  these  coaling  specimens  arc  summa¬ 
rized  in  Table  3. 
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TABLE  3 
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Coaimg  system 

i^Qrr  value  <^A|  obtained  after 
pretfcatment  ai 

iOO’  C 

400"  c 

500’  C. 

CPS-TitCXTiH^I* 

3.S  10-1 

6.0  X  to-* 

0.5 

APS-TitOCjHOj 

8.3  x-  10-2 

58  >  10-' 

1.2 

TSPDI-TitOCjH<l4 

:.o  X  10-2 

4  6  X  10-' 

9.8  X  10-' 

TSPlTKOCiHOa 

1.5  X  10-2 

49  X  10-1 

99  X  to-' 

After  treatment  at  300*  C.,  the  lowest  value  of 
2.0 X  10-^  >lA  was  measured  on  the  PTS  coalings  de¬ 
rived  from  the  TSPDI  system.  The  APS  system  pro¬ 
duced  the  next  lowest  Uorr  value.  These  values  were 
approximately  two  orders  of  magnitude  less  than  that 
for  the  TS  system.  The  data  indicates  that  the  Iroirval-  ^ 
ues  for  all  of  the  PTS  coatings  formed  at  S300‘  C, 
increased  as  the  film  treatment  temperature  was  raised. 
This  is  probably  due  to  the  increased  size  and  number  of 
cracks  in  the  films.  PTS  coatings  derived  from  the 
TSPDI  system  imparted  the  best  corrosion  protection. 
and  at  500*  C..  the  Uarr  value  was  still  on  the  order  of 
I0“>  mA. 

TifOCjHj)*,  ZnfOC.iH?)*  and  AKOCjHtIs  -  Modified 

Organosilanes  2S 


I  ''  N— (CH,)3-SiS' 
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—  Si— OH  *  HO— Si— 
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Cl— (CHjh— Si=(OHlj  -  JHCl 
Cl  Cl 

I  i 

tCHil.i  (CH:).I 
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-esi— O— Sil;-  -  nHjO 


The  mix  compositions  for  the  TifOCjHrla. 
ZnfOQHrla  and  AlfCXTiHrli  sol-ge!  precursor  solu¬ 
tions  are  listed  in  Tabic  4.  In  order  to  produce  a  clear 
precursor  solution  it  was  very  important  to  add  a  chlo¬ 
rine  containing  acid  such  as  HCl.  The  chlorine  contain¬ 
ing  acid  acted  as  a  hydrolysis  accelerator  and  aided  in 
the  formation  of  a  uniform  coating  film  on  the  metal 
substrate. 


polymeric 

orgBiKMiUnc  Ct 
iwtawKuteti  end  groups. 

It  is  believed  that  the  hydroxyl  groups  denved  from  the 
HCl-catalyzed  hydrolysis  of  ZrfOCjH?)*  and  Ti- 
(OCjHt)*.  react  preferentially  with  the  Cl  in  Cl-sub- 
siituied  end  groups  in  the  silane  compound,  rather  than 


Table  * 


CompoMOons  <>(  Clear  Precursor  Sohl»oft^  txd  m  Vjriou>  ♦  Modified  TSPI^vsicms^^ 


TSPI/M(0C*H7»„- 
wt  ratio 

TSPOl 

ZrtOCiH?)*, 

AHOCiH^iw 

n’t 

CHiOH. 

NVf  << 

Water 
wt  ^ 

HCl. 

wt  %/TSPt  ^ 
MlOClH",!*  or  .1 

EOO/0 

50 

>0 

20 

12 

70/30 

TIJ 

15 

<0 

20 

20 

50/50 

aa 

25 

30 

20 

?0 

70/30 

35 

}< 

— 

30 

20 

15 

50/50 

25 

25 

.40 

20 

25 

70/30 

15 

30 

20 

40 

50/50 

25 

25 

30 

20 

50 

M  Zt.  Tj  ano  AJ 
n-  i  or  * 


The  substrates  were  coaled  by  immersing  an  FPL- 
etched  aluminum  substrate  into  the  precursor  solution 
at  ambient  temperature.  The  substrate  was  then  with¬ 
drawn  from  the  precursor  solution.  Next,  the  substrate 
was  heat  treated  at  1 50*  C.  for  20  hrs.  The  150*  C.  heat 
treatment  results  in  the  removal  of  water  and  methanol 
from  the  precursor  solution  coating  and  produces  a 
sintered  coating.  The  substrates  coated  wtth  the  Ti- 
(OCjH?)*  and  Zn(OC3H7)4  sot-gel  precursor  solutions 
were  heated  for  30  minutes  at  350*  C.  to  form  polyzir- 
conicsiloxane  and  polytiianosiloxane  coatings.  The  sub¬ 
strates  coated  with  the  AKOCjHtIi  sol-gel  precursor 
solutions  were  healed  for  30  minutes  at  200*  C.  to  form 
a  polyaluminosiloxanc  coating. 

The  HCl  catalyzed  hydrolysis-polycondensanon  re¬ 
action  occurred  in  the  following  manner; 


the  silanol  groups  which  are  formed  by  hydrolysis  of 
jQ  the  ethoxysilyl  groups  in  the  TSPDI.  The  proposed 
reaction  mechanism  for  this  is  shown  below; 

3M— OH  +  a— tCHpj— SiSCOHli  > 

55 

III  III 
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60  I  I 

*^Si“0“Si“0^  nHCl  4-  nHbO 

I  I 

polymeric  Organosilanc 
wirh  OuygcO'bnged  Zf  or  Ti 

65  Where  M  =  Zr  or  Ti. 

It  is  believed  that  the  reaction  of  the  halide  with  the 
OH  tn  the  hydroxyiated  metals  favors  the  elimination  of 
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hydrogen  chJonde.  TTie  formation  of  Cl-ierminatt’d  end 
groups  plays  an  importani  role  in  creating  the  M-O-C 
linkages. 

TTie  reaction  process  for  the  Ai(OC;H7)3/TSPDl 
system  is  different  than  those  of  the  Ti-  5 
(0C3H7)4/TSPDI  and  Ti(OC3H7)4/TSPDl  systems.  A 
polvmenc  organoaluminosilane  network  is  formed 
when  the  AlfOCiHr)  3/TSPDI  system  is  heated  to  130’ 

C.  and  IS  believed  to  have  the  following  structure: 


Al 

I 

O 

I 

N—tCHjIs— Si— O— 


N 


=/ 


O 

I 


IS 


IR  studies  were  performed  on  the  Ti-  20 
(0C3H7)4/TSPDI  and  ZrfOC.iHrit/TSPDl  samples 
after  they  had  been  heated  for  30  minutes  in  air  at  330' 

C.  The  samples  had  previously  been  heated  at  130°  C. 
for  20  hours.  The  IR  analyses  were  conducted  using  the 
KBr  method  which  incorporates  the  powder  samples  of  25 
2  to  3  mg  into  KBr  pellets  of  approximately  200  mg. 
FIG.  10  illustrates  the  IR  spectra  for  a)  100%  TSPDl, 
b)  TSPDI/Zr(OC3HT)*  (in  a  50:50  ratio)  and  c) 
TSPDI/Ti(OC3H7)4  (in  a  30:50  ratio)  samples  heat 
treated  at  1 50'  C.  fbr  20  hours  and  330'  C.  for  30  min-  30 
utes.  The  presence  of  a  polymetallicsiloxane  is  indicated 
by  an  IR  peak  within  the  area  of  about  910  cin~‘  to 
about  960cm  - '. 

The  TSPDI/Zr(OC3H7)4system  (FIG.  KK*))  had  an 
IR  peak  at  930  cm~'.  The  TSPDl/TifOCjH?)  4 system  35 
(FIG.  10(c))  had  an  IR  peak  at  930  cm“  These  peaks 
signify  the  formation  of  polymetallicsiloxane.  at  a  low 
temperature  (i.e.,  less  than  1(XX)'  C.),  by  the  process 
shown  below: 


III  III  III  III 

MM  MM 

11  II 

00  00 

I  I  3*50*  C  ^  ^  , , 

(CH,h  (CH:ii  >  i-5i— o— 

I  I  I  I 

Where  M  =>  Zr  or  Ti 

The  350'  C.  heating  results  in  the  elimination  of  nu* 
merous  organic  groups  permitting  the  Zr  and  Ti  metal 
oxides  to  act  as  crosslinking  agents  which  connect  the 
polysiloxane  chains  to  form  polyzirconicsiloxane  and 
pol  yti  tanosi  ioxanc. 

55 

Characteristics  of  PMS  (Coating  Films  Derived  From 
TSPDl/Ti(OC3H7)4.  TSPDI/Zr(<X:jH7)4  and 
TSPD1/AI(CXI3H7)3  Precursor  Systems 

Thin  coating  films  were  obtained  by  diluting  20  g  of 
the  precursor  solutions  listed  in  Table  4  with  80  g  of  60 
deionized  water.  The  FPL-etched  aluminum  substrate 
was  immersed  into  the  diluted  precursor  solution.  The 
substrate  was  withdrawn  from  the  solution  and  heated 
for  20  hours  al  1 50*  C.  The  sintered  samples  were  then 
heated  at  350'  C.  for  30  minutes  to  form  the  pyrolysis  t)5 
induced  PMS  coating  films.  The  thickness  of  the  PMS 
film  deposited  on  the  substrate  was  determined  using  a 
surface  profile  measuring  system.  The  average  ihick- 


12 

ness  of  the  films  derived  from  the  precursor  solution 
consisting  of  100/0.  70/30,  and  50/50  TSPDl/M- 
(0C3H7)3  or  4  ratios,  ranged  from  approximately  0.2  to 
approximately  0.4  34m. 

FIG.  M  illustrates  the  polyzirconicsiloxane  (PZS) 
film  derived  from  the  70/3()  TSPDl/Zr(OC3H7)4.  This 
PZS  film  had  relatively  few  microcracks.  The  amount 
of  cracking  can  be  reduced  by  diluting  the  sol  gel  pre¬ 
cursor  solution  with  water.  The  dilution  of  the  sol  gel 
precursor  solution  results  in  the  formation  of  a  thinner 
polymetallicsiloxane  coating. 

Ideally,  a  PMS  coating  surface  will  have  a  uniform 
film  free  of  cracks  and  pits.  These  characteristics  were 
observed  in  the  50/50  TSPDI/n(OC3H7)4  ratio  de¬ 
rived  polytitanosiioxane  (PTS)  film  illustrated  in  FIG. 
12a.  FIG.  Ub  illustrates  the  70/30  TSPDI/TifOCsH?) 
4  ratio  derived  PTS  film.  The  70/30  ratio  film  has  a  few 
microcracks.  A  thinner  polymetallicsiloxane  coating 
may  be  produced  by  diluting  the  sol  gel  precursor  solu¬ 
tion  with  water. 

Corrosion  protection  data  for  the  polytitanosiioxane 
and  polyzirconicsiloxane  coated  substrates  were  ob¬ 
tained  from  the  polanzation  curves  for  PMS  coated 
FPL  etched  aluminum  samples  upon  exposure  to  an 
aerated  0.5M  sodium  chloride  solution  at  25*  C.  To 
evaluate  the  protective  performance  of  the  coatings,  the 
corrosion  potential  (Eco^)  and  corrosion  current  (Icon-) 
were  determined  for  the  polarization  curves.  Ecorr  is 
defined  as  the  potential  at  the  transition  point  from 
cathodic  to  anodic  polarization  curves.  Icorr  values 
were  measured  by  extrapolation  of  the  cathodic  Tafei 
slope.  These  results  are  summarized  in  Table  5. 


TABLE  5 


Corrosion  Potcniui,  Corrosion  Current,  VaJues  for 

PMS'Coaied  and  Uncoated  Almninum  SDecimens 

Coaling  Systems. 

n'SPI/M(OCiH-rk 

^A 

Uncoaced  (blank! 

-0,7:? 

2.5 

PS  (100/01 

-0.695 

1.8 

PZS  (70/301 

-0.625 

7.8  X  10-' 

PZS  <50/501 

-0.710 

1.5 

PTS  (70/301 

-0.589 

1.8  X  10-' 

PTS  (30/501 

1,6  y  10-  ' 

As  seen,  the  major  effect  of  these  PMS  coatings  on  the 
corrosion  protection  of  aluminum  is  to  move  the  Eco/t 
value  to  less  negative  potentials  and  to  reduce  the  ca¬ 
thodic  current  (Invr). 

The  samples  coated  with  PTS  produced  significantly 
higher  Eowr values,  and  significantly  lower  lo,,,. values, 
than  the  uncoaled  samples.  Tliis  strongly  suggests  that 
the  PTS  coating  films  will  serve  to  provide  good  corro¬ 
sion  resistance  from  a  sodium  chloride  solution  and  will 
minimize  the  corrosion  rate  of  the  aluminum. 

Thus,  while  there  have  been  described  what  are  the 
presently  contemplated  preferred  embodiments  of  the 
present  invention,  those  skilled  in  the  art  will  realize 
that  changes  and  modifications  may  be  made  thereto 
without  departing  from  the  scope  of  the  invention,  and 
it  IS  intended  to  claim  all  such  changes  and  modifica¬ 
tions  as  fall  within  the  true  scope  of  the  invention. 

I  claim: 

1,  A  coating  solution  which  comprises  a  monomeric 
organoalkoxysilane  containing  an  imidazole  group,  a 
metal  alkoxide  and  a  chlorine  containing  acid  in  an 
alcohol/waler  medium. 

2.  The  solution  of  claim  I  wherein  the  acid  is  HCI. 


s. 
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3.  The  solution  of  claim  1  wherein  the  alcohol  is 
selected  from  the  group  consisting  of  methanol,  ethanol 
and  propanol. 

4.  The  solution  of  claim  1  compnsing  18-35  wt  % 
N[3-(incthoxysilyl)propyl]-l.5-dihydroimidazolc.  9-18 
wt  %  TifCXTjHs)*,  21-26  wi  %  methanol.  13-29  wt  % 
HCl  and  14-17  wt  %  water. 

5.  The  solution  of  claim  1  wherein  the  solution  has  a 
pH  of  about  7.5. 

6.  The  solution  of  claim  5  wherein  said  pH  is  adjusted 
by  adding  NaOH  or  KOH. 

7.  The  solution  of  claim  1  wherein  the  monomeric 
organoaikoxysilane  is  selected  from  the  group  consist¬ 
ing  of  N[3-(triethoxysilyl)propyll  imidazole  and  N[3- 
(triethoxysilyl)propyi]-4,5-dihydroimidazoie. 

8.  The  solution  of  claim  1  wherein  the  metal  alkoxide 
is  of  the  formula  M(OR)n,  wherein  M  is  a  suitable  transi¬ 
tion  metal:  R  is  CHi.  C2H<  or  CtH7and  n  is  3  or  4. 

9.  The  solution  of  claim  8  wherein  M  is  selected  from 
the  group  consisting  of  Ti,  Zr.  Ge  or  Al. 

10.  The  solution  of  claim  3  wherein  the  metal  alkox¬ 
ide  IS  selected  from  ihe  group  consisting  of  TifOCiHrla, 
Zr(OCiH7)4,  TifOCiHslx  and  AKOCiHr),:. 

11.  The  solution  of  claim  1  wherein  the  amount  of 
acid  IS  sufficient  to  provide  a  clear  solution. 

12.  The  solution  of  claim  1  wherein  the  ratio  of  mono- 
menc  organoaikoxysilane  to  metal  alkoxide  is  in  the 
range  of  about  80/20  to  about  50/50  by  weight. 

13.  The  solution  of  claim  1  comprising  18-35  wt  % 
N[3-(trieihoxysilyI)propyi]  imidazole.  9-18  wt  %  Tl- 
(OCiHsli,  21-26  wt  %  methanol.  13-29  wt  %  HCl  and 
14-17  wt  %  water. 

14.  A  method  for  preparing  a  solution  for  the  fabnea- 
tion  of  polymetallicsiloxane  coalings  which  comprises 
the  step  of  combining  a  monomeric  organoaikoxysilane 
containing  an  imidazole  group,  a  metal  alkoxide  and  a 
chlonne  containing  acid  in  an  alcohol/water  medium. 


14 

15.  The  method  of  claim  14  wherein  the  solution  has 
the  following  weight  percentages  of  substituents  13-35 
wt  %  N(3-(tnefhoxysiiyl)propyl]-4.5-dihydroimidazole. 
9-18  wt  %  Ti(OC2H5)4,  21-26  wt  %  methanol.  13-29 

5  wt  %  HCl  and  14-17  wt  %  water. 

16.  The  method  of  claim  14  further  compnsing  add¬ 
ing  a  pH  adjusting  agent  to  the  solution. 

17.  The  method  of  claim  16  wherein  the  pH  adjusting 
agent  is  KOH  or  NaOH. 

10  18.  The  method  of  claim  16  wherein  sufficient  pH 

adjusting  agent  is  added  to  adjust  the  pH  to  about  7.5. 

19.  The  method  of  claim  14  wherein  the  monomeric 
organoaikoxysilane  is  selected  from  the  group  consist¬ 
ing  of  N(3-{triethoxysilyi)propyi]  imidazole  and  N{3- 

15  (triethoxysiiyl)propyi]-4,5-dihydroimidazole. 

20.  The  method  of  claim  14  wherein  the  metal  aikox- 
ide  is  of  the  formula  M(OR)n,  wherein  M  is  a  suitable 
transition  metal;  R  is  Chj,  CiHjor  CjHrand  n  is  3  or  4. 

21.  The  method  of  claim  20  wherein  M  is  selected 

20  from  the  group  consisting  of  Ti.  Zr.  Ge  and  Al. 

22.  The  method  of  claim  14  wherein  the  alcohol  is 
selected  from  the  group  consisting  of  methanol,  ethanol 
and  propanol. 

23.  The  method  of  claim  14  wherein  the  acid  is  HCl. 

25  24.  The  method  of  claim  14  wherein  the  amount  of 

acid  is  sufficient  to  provide  a  clear  solution. 

25.  The  method  of  claim  14  wherein  the  ratio  of  mo¬ 
nomeric  organoaikoxysilane  to  metal  alkoxide  is  in  the 
range  of  about  30/20  to  about  50/50  by  weight. 

30  26.  The  method  of  claim  14  wherein  the  metal  alkox¬ 

ide  is  selected  from  the  group  consisting  of  TifOCyH?)* 
ZrfOC.iHTla,  TKOCiHslaand  Ai(OC.iH7).i. 

27.  The  method  of  claim  14  wherein  the  solution  has 
the  following  weight  percentages  of  substituents,  13-35 

35  wt  %  N[3-(trieihoxysilyllpropyl]  imidazole,  9-13  wt  % 
Ti(OC2H5)4,  21-26’wt  %  methanol,  13-29  wt  %  HCl 
and  14-17  wt  %  water. 
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